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3Abstract
In this thesis I investigate the evolution of high-energy neutrinos, and their
ability to diagnose the environment of their origin. AGN are identified as
candidates for high-energy neutrino production, and the radio-loud population
is particularly attractive due to observed energetic regions in the jet features.
I derive source populations at different redshifts and brightness using data
obtained from AGN surveys detecting X-ray and γ-ray bright sources. These
trace the accretion disc and beamed jet luminosities, respectively, and reflect
AGN populations varying in observable properties.
Two hadronic interaction models are considered to determine neutrino
production efficiencies in AGN. The region of high-energy particle production
is located at the base of the AGN jet, where relevant interactions are expected
to occur. The diffuse neutrino emission on Earth is calculated as the sum of
the contributions from various cosmological epochs, and X-ray luminosities.
I find that the bulk of AGN sources would produce a neutrino flux far
exceeding the current upper limits set on the received neutrino emission. The
only neutrino energy spectra consistent with these limits are due to neutrino
production in blazars. Additionally, the importance of a reliable luminosity
scaling model is demonstrated, and hence the need for an improved under-
standing of the radiative processes in jets.
To further investigate the physical processes relevant to neutrino pro-
duction, I construct a neutrino luminosity function for blazar sources. The
expected neutrino energy distribution is produced by assuming typical param-
eters, such as luminosity and Lorentz factor, for each class along the blazar
sequence. This will establish constraints on possible AGN sources, the relative
neutrino duty cycle, and production efficiencies across the sequence.
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Chapter 1
Introduction
The study of astrophysical neutrinos on all energy scales provides a window
through which we may begin to understand powerful astrophysical objects and
the earliest moments of the Universe. These, either extremely dense or dis-
tant, regions in space are currently unavailable to us, and the advancements in
neutrino astronomy highlight the efforts to continue to push detection bound-
aries. As neutrinos escape the densest environments nearly unhindered, and
are practically unabsorbed and unscattered over large distances, they can be
used to diagnose astrophysical environments that traditional photonic studies
cannot reach.
Neutrinos and photons are therefore complementary messengers, prob-
ing violent astrophysical processes and structural evolution of the Universe.
High-energy neutrinos may be generated in cosmic accelerators, such as active
galactic nuclei (AGN) and associated jet structures, as well as in gamma-ray
bursters, supernovae and magnetars. Other messenger particles emitted in
the same processes are high-energy cosmic rays and γ-rays. The neutrino pro-
duction process sheds light on the physics governing the inner regions of the
sources – regions that often are opaque to other sources of emission.
AGN are persistent over cosmological epochs, and are among the most
luminous X-ray sources in the Universe. A super-massive black hole resides at
their core, and the accretion of matter onto the black hole is often accompanied
by large-scale relativistic jets. These structures have the potential to accelerate
particles to ultra-high energies, which in turn will interact with radiation or
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AGN engine AGN jet
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ν
Fig. 1.1: Neutrino production linked to AGN accretion power. X-ray emission is a tell-
tale sign of AGN accretion activity. Associated jet structures are often seen, which may
generate high-energy cosmic rays (CR), γ-rays (γ) and neutrinos (ν). A correlation between
neutrinos and either cosmic rays or γ-rays tests the hadronic models in a particle physics
context; however, by directly linking neutrino production to the accretion power, we test
the production scenarios in an astrophysical context.
matter fields within the jets. Interactions involving energetic protons will lead
to the production of neutrinos, which may be observed in current dedicated
neutrino observatories, such as the IceCube.
This work aims to verify if all AGN are neutrino sources, and look at
how the production efficiency varies across the family of AGN types. Con-
ventionally, neutrino fluxes are correlated with the emission of cosmic rays or
γ-rays. This approach will however only test the hadronic models and neu-
trino production scenarios in the context of particle physics. Here we aim to
investigate how neutrino production in jets is scaled with the accretion power
of the central AGN engine. We therefore use solid astrophysical data obtained
by state-of-the-art X-ray observations. In this way we look directly at the
link between AGN power and high-energy production in AGN jets, illustrated
in Fig. 1.1. In light of these all-sky X-ray surveys of AGN, we furthermore
verify if two commonly accepted scenarios of neutrino production in AGN jets,
where energetic protons interact with radiation fields close to the AGN core,
are applicable.
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The cumulative neutrino flux spectrum is calculated by considering the
cosmic distribution of AGN based on solid astrophysical data. Using the X-ray
luminosity functions, which are constructed from three comprehensive X-ray
studies carried out recently, we derive the number density of AGN at different
epochs of the Universe.
As AGN are an inhomogeneous family of objects, we cannot claim that all
are equally efficient in producing neutrinos. We therefore derive population
sizes for a variety of AGN types in order to test their production potential.
This enables a comparison between types, distributed both over cosmological
epochs and X-ray luminosity.
This work is the first to relate survey X-ray observations of AGN to neu-
trino production in this manner, and to comprehensively compute neutrino
fluxes across AGN populations over the history of the Universe, and the first
results of the thesis are published in Jacobsen et al. (2015). This method
paves a new way of multi-messenger astrophysics, and connects astrophysics
and astroparticle physics in a quantitative manner.
1.1 Neutrino Physics
The physical concept of the neutrino has been in continuous development over
the past hundred years, and the first clue to the existence of this particle ap-
peared already in 1896 with the discovery of radioactivity by Henri Becquerel,
observing ionising energy spontaneously emitted from uranium. Three types
of radioactive decay were identified, namely those leading to the emission of
α- (helium nuclei), β- (electron), and γ- (photon) particles. The decays were
studied by observing their energy spectra, and here the first clue to the neu-
trino is found.
The energy spectra observed from α- and γ-rays were quantised in energy.
That of the electrons emitted in β-decays was on the other hand seen to
be continuous. The obvious explanation was that additional energy to that
carried away by electrons was lost in the decay. The idea of a new particle
developed to explain this missing energy.
In 1930 Wolfgang Pauli wrote a letter to a conference in Tu¨bingen, Ger-
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many (Riesselmann 2007) where he proposed that, in addition to protons and
electrons, there was an extremely light and neutral particle within the nuclei.
This particle would be emitted in β-decays along with the electron (see Sec.
1.1.4). The name of Pauli’s particle was given its name by Enrico Fermi, the
neutrino, to distinguish it from the neutral, but significantly heavier, nucleon
discovered by James Chadwick (Chadwick 1932), the neutron.
He formulated a theory of β-decay in 1934 (Fermi 1934a,b; Wilson 1968)
which further solidified the prediction of the neutrino’s existence. In Fermi’s
theory, the neutrino is massless and chargeless, and the β-decay, i.e. the decay
of a neutron to a proton and electron antineutrino,
nÑ p` e´ ` ν¯e , (1.1)
is understood as a transition probability known as Fermi’s Golden Rule. It
depends on coupling strength of the initial and final states, as well as the
final density of states that determines the number of ways this transition
can occur. The nature of the weak interaction enabling β-decays was still
unknown to Fermi, and it took another twenty years to refine the model to fit
observations.
The lightest of the neutrinos, the electron neutrino, which is associated
with electron emission in β-decays, was finally observed in a nuclear reactor
experiment, led by Clyde L. Cowan and Frederick Reines in 1956 (Cowan et al.
1956; Reines and Cowan 1956) (see details of the experiment in Sec. B.4).
A concept of the fundamental particle generations began to emerge
with the discovery of the muon in 1937 (Street and Stevenson 1937;
Neddermeyer and Anderson 1937). Further support of this concept came in
1962, when the muon neutrino was discovered by L. M. Lederman, M. Schwartz
and J. Steinberger at Brookhaven National Laboratory (BNL, Danby et al.
1962, see also Sec. B.4).
By the 1970s, the known fundamental particles were grouped in pairs of
two generations of two leptons each: the electron (e) and electron neutrino (νe);
and the muon (µ) and muon neutrino (νµ). The second generation of parti-
cles followed the pattern of the first generation, but were more massive, hence
1.1. Neutrino Physics 18
more unstable. This apparently structured arrangement motivated the idea
for further generations, and was confirmed by the discovery of the tau lepton
(τ) in 1975 (Perl et al. 1975). This signalled the existence of the third gener-
ation neutrino; the tau neutrino (ντ ) (Perl 1980). It was finally detected by
the DONUT collaboration (DONUT Collaboration et al. 2001; Kodama et al.
2008) in 2000, thus completing the picture of the three generations of fermionic
particles.
1.1.1 The Neutrino and the Weak interaction
The existence of a particle explaining the concept of the missing energy in the
β-decay process is a physical manifestation of the weak interaction.
The 1960s saw the development of a formal theory of weak interactions
by S. Weinberg and A. Salam (Weinberg 1967; Salam and Ward 1964), bas-
ing their work on a gauge model proposed by S. L. Glashow (Glashow 1961).
This theory is now known as the Glashow-Weinberg-Salam (GWS) Standard
Model of particle physics, and was refined by proving renormalisability of
the theory by G. ’t Hooft and M. J. G. Veltman in 1971 (’t Hooft 1971;
’t Hooft and Veltman 1972).
The GWS model predicts the existence of the W boson from the usual
charged current events seen in weak interactions, complementary neutral cur-
rents, and the associated Z boson (see Sec. 1.1.5). The first of the neutral
current events were seen in 1973 by the Gargamelle experiment at CERN
(Hasert et al. 1973, 1974), and confirmed by the Fermi National Accelera-
tor Laboratory (Fermilab) in the same year (Benvenuti et al. 1974). How-
ever, it took another ten years to detect the mediating weak bosons, and
in 1983 CERN reported detections of the W˘ bosons (Arnison et al. 1983a;
Banner et al. 1983) and the Z0 boson (Arnison et al. 1983b; Bagnaia et al.
1983), establishing this model as the recognised description for the (electro-)
weak interactions in the Standard Model of particle physics (see Sec. 1.1.2).
The electroweak theory, quantum chromodynamics (QCD) and quantum
electrodynamics (QED) are three dynamical theories of the weak, strong and
electromagnetic interactions, respectively. These three local gauge theories
are collectively the recognised Standard Model of Particle Physics, and are
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formulated on the framework of Quantum Field Theory. The Standard Model
describes the quantum mechanical behaviour of these three fundamental forces
of nature, and explain all phenomena of particle physics in terms of the proper-
ties and interactions of a set of fundamental particles. The fourth fundamental
force of nature, gravity, has negligible strength at nuclear length scales relative
to other three forces.
1.1.2 The Neutrino and the Standard Model
The collection of fundamental particles are considered point-like and without
any internal structure or excited states in the Standard Model, shown in Fig.
1.2. Their measured properties are mass, spin and charge, and are categorised
in two main groups; fermions, which have half-integer spin; and bosons, which
carry integer spin.
Fermions are the building blocks of matter, each with an associated an-
tiparticle with opposite charge. They are classified according to their prop-
erties of interaction. The quarks interact via the strong force and are bound
to form hadrons; three quarks make up baryonic matter (e.g. protons and
neutrons), and two quarks make up mesonic matter (e.g. pions and kaons).
Leptons interact via the electomagnetic and weak forces, and consist of three
electrically charged particles, and three associated neutral particles – the neu-
trinos.
Pairs of each fermionic family form a generation depending on their prop-
erties. The first generation (up, down; electron, electron neutrino) consists of
stable matter (i.e. matter that does not decay) that are the building blocks of
all ordinary matter. The second and third generations are more exotic matter,
for which the charged counterparts are highly unstable with very short half-
lives, and only found in high-energy environments. Furthermore, the particles
of later generations are more massive than their corresponding particles of
earlier generations.
Bosons in the standard model are force carriers exchanged when fermionic
matter particles interact via one of the fundamental forces of nature. When
quarks interact via the strong force, due to their colour charge, the mediat-
ing force carrier is called a gluon. The QCD theory in the Standard Model
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Fig. 1.2: The fundamental particles in the Standard Model: the quarks (red) and leptons
(green) form the three generations of fermionic matter. The bosons (blue) are the mediators
of respective forces and the fermions. The Higgs boson (grey) is the mediator of the Higgs
field which caused the electro-weak symmetry breaking. Masses (Beringer et al. 2012) are
quoted above the symbol of each particle, and their given name is quoted below.
describes eight massless, but electrically charged, gluons. Along with charged
leptons, they can interact with one another via the electric and magnetic fields
due to the electromagnetic force, which is mediated by the photon. This mass-
less particle and the interactions it is involved in, is also described in the QED
theory.
Neutrinos are the lightest particles in the fermionic family. They do not
decay, and interact only through the weak force. The weak force is mediated
by three force carriers: the charged W´ and W`, that, due to their charge
also couple to the electromagnetic interaction; and the neutral Z0. The in-
teractions governed by this force are described in the Standard Model in the
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electroweak theory, which is a unified description of the electromagnetic and
weak interactions. The GWS model describes the two forces as two aspects of
the same force, unified at energies reached moments after the Big Bang. As
the Universe cooled below a characteristic energy, the electroweak force split
into the two separate forces we observe today.
The need for spontaneous symmetry breaking in the formulation of the
Standard Model is therefore necessary, and provided by the Higgs mecha-
nism. The Higgs mechanism makes massless bosons massive in the formu-
lation of the local gauge model of Glashow, and was independently pro-
posed by F. Englert and R. Brout (Englert and Brout 1964), P. Higgs (Higgs
1964), and G. S. Guralnik, C. R. Hagen and T. W. Kibble (Guralnik et al.
1964) in 1964. This model has now gained further recognition with the
recent reports of the discovery of the Higgs boson. CERN reported the
detection of a new particle in 2012 (ATLAS Collaboration Aad et al. 2012;
CMS Collaboration Chatrchyan et al. 2012) found to be consistent with the
Standard Model Higgs particle (Aad et al. 2013), thus completing the picture
of the Standard Model fundamental particles.
Particles that interact with the Higgs field through the exchange of the
Higgs boson find that the coupling allows a transfer of potential energy to
the particles, thus, they acquire some intrinsic mass. The observation of the
Higgs scalar particle, a very unstable boson of spin-0, confirms the existence
of the Higgs field. It explains why some fundamental particles are massive,
such as the very massive weak force carriers (mW « 80.4 GeV, mZ « 91.2
GeV). This results in a very short interaction range of only 10´16 cm, which
is 1013 times weaker than the strong interaction and 1011 times weaker than
the electromagnetic interaction.
The strength of the interactions comes out of quantum field theory, for
which a dimensionless coupling constant g is either much less than one, leading
to a weakly coupled theory; or of order one or larger, leading to a strongly
coupled theory. The weak coupling constant, gw is determined by the mass of
the mediating boson and the Fermi constant, GF, which gives the strength of
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the interaction
g2w
8m2W
“ GF?
2
. (1.2)
The value of the Fermi constant is GF « 1.166ˆ 10´5 GeV´2, experimentally
found from measurements of the muon lifetime, which is inversely proportional
to G2F. It is worth noting, that although the Higgs boson has been discovered,
a more cautious description of it is rather a Higgs boson, since it is not known
if it is the only of its kind, or if there are more of them.
Although the Standard Model describes most phenomena of particle
physics accurately, there are some issues that must be solved for it to be a
complete and fully predictive model. Of the four fundamental forces, the grav-
itational force is not included, as no known prescription of quantum gravity
exists. As such, the hypothesised graviton, the gravitational force carrier, is
not included in the collection of fundamental particles of the Standard Model
(Fig. 1.2).
The Standard Model also has short-comings with regards to neutrinos.
In the original formulation of the model, dating back to Fermi’s derivation of
the β-decay, the neutrino is considered massless. However, early hints of a
neutrino mass came with the so-called Solar Neutrino Problem, first identified
in the Davis and Bahcall neutrino experiment, and the Atmospheric Neutrino
Anomaly first observed in the late 1980s. The solution to these problems was
the concept of neutrino oscillations, which explains how a neutrino of definite
flavour will morph to another flavour as it travels form the source to the point
of detection, observed in the late 1990s by, among others, Super-Kamiokande
(see Secs. 1.1.3 and B.4).
The confirmation of the oscillation phenomenon in neutrinos led to the
necessity of a neutrino mass term in the Standard Model formulation. This
has major implications for particle physics, astrophysics and cosmology.
1.1.3 Neutrino Oscillations and Flavour Mixing
The concept of neutrino oscillation was proposed by V. Gribov and B. Pon-
tecorvo in 1969 as a solution to the solar neutrino deficit observed by Davis
and Bahcall (Gribov and Pontecorvo 1969). It is a quantum mechanical con-
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cept, for which the observed oscillation from one flavour to another is a conse-
quence of the mixing of neutrino eigenstates. This was already conceptualised
by Pontecorvo in 1957, after observing the mixing of neutral kaons, and the
foundation was further developed by Z. Maki, M. Nakagawa and S. Sakata in
1962 as a two-flavour scenario (Maki et al. 1962).
Flavour is a property of the weak interaction, through the coupling to
the associated charged lepton. A neutrino of a specific flavour νℓ, where ℓ “
te, µ, τu, is defined as a linear combination of three mass eigenstates | νiy,
where i “ t1, 2, 3u, having definite masses mi. The mass eigenstates are
properties of the Higgs interaction, as the mass of the particles is directly
linked through the coupling between the particles and the Higgs field (Yukawa
couplings). Thus, the flavour eigenstate determines how the neutrino interacts
with matter, and mass determines how the particle propagates through space.
In standard oscillation theory (see e.g. Giunti and Kim 2007), a neutrino
that is produced with flavour ℓ and momentum p through charged-current
processes from a charged (anti-)lepton can be described in its flavour state as
| νℓy “
ÿ
i
U˚ℓi | νiy , (1.3)
where Uℓi is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) unitary trans-
formation matrix. It is specified in terms of mixing angles, expressed by
sij “ sin θij and cij “ cos θij , that are determined from experiment. The an-
gle θ12 is measured from solar neutrino experiments to be sin
2p2θ12q “ 0.857.
The θ23 is measured from atmospheric neutrino experiments, measured to be
sin2p2θ23q ą 0.95. The smallest angle, θ13 is measured from reactor experi-
ments, and it is found from sin2p2θ13q “ 0.098 (Beringer et al. 2012).
The matrix describes the probability of a neutrino of a specific flavour ℓ
being found in a mass eigenstate i. Similarly, the mass state can be described
in terms of its flavour state
| νiy “
ÿ
ℓ
Uℓi | νℓy . (1.4)
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The PMNS transformation matrix is expressed as
Uℓi “
»
———–
Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3
ﬁ
ﬃﬃﬃﬂ
“
»
———–
1 0 0
0 c23 s23
0 ´s23 c23
ﬁ
ﬃﬃﬃﬂ
»
———–
c13 0 s13e
´iδ13
0 1 0
´s13eiδ13 0 c13
ﬁ
ﬃﬃﬃﬂ
»
———–
c12 s12 0
´s12 c12 0
0 0 1
ﬁ
ﬃﬃﬃﬂ
“
»
———–
c12c13 s12c13 s13e
´iδ13
´s12c23 ´ c12s23s13eiδ13 c12c23 ´ s12s23s13eiδ13 s23c13
s12s23 ´ c12c23s13eiδ13 ´c12s23 ´ s12c23s13eiδ13 c23c13
ﬁ
ﬃﬃﬃﬂ .
(1.5)
The term in the PMNS matrix denoted δij is the CP-violating phase factor,
which is zero in the case of neutrino oscillation obeying CP-symmetry.
Another useful quantity to measure is the difference in the mass eigenval-
ues, ∆m2ji “ m2j ´ m2i . The measured values are ∆m221 “ 7.50 ˆ 10´5 eV2,
∆m232 “ 2.32ˆ 10´3 eV2, ∆m231 „ ∆m232 (Beringer et al. 2012).
Mixing of Two Generations.The neutrino oscillation probability is needed
by experiments and detectors in order to calculate the composition of the
neutrino emission and thus deduce the composition at source. For a simplified
treatment (see e.g. Perkins 2000; Giunti and Kim 2007), consider the case of
two neutrino flavours, ℓ1 and ℓ2, where each is a linear combination of the
two mass states, i and j, through a 2ˆ2 mixing matrix and a non-zero mixing
angle θ, »
–νℓ1
νℓ2
ﬁ
ﬂ “
»
– cos θ sin θ
´ sin θ cos θ
ﬁ
ﬂ
»
–νi
νj
ﬁ
ﬂ . (1.6)
Although the neutrino is produced in one definite flavour state, it will not
remain in that flavour eigenstate as it propagates through space. If vacuum
propagation is assumed, the mass eigenstates can be expressed as stationary
states in terms of the vacuum Hamiltonian, Hˆv:
Hˆv | νiy “ Ei | νiy , (1.7)
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with energy eigenvalues Ei “
a| pi |2 `m2i . Introducing this stationary state
to the time-dependent Schro¨dinger equation,
i
d
dt
| νiptqy “ Hˆv | νiptqy , (1.8)
implies that the neutrino mass states evolve in time as plane waves. Due to the
difference in mass of the states, they propagate as waves of slightly different
frequencies, thus it will not be in a specific mass state, but rather propagate
as a mix between the states. Due to the different frequency, the waves of the
mass states will therefore become misaligned periodically, and this mixing of
mass states causes the neutrino oscillation between flavours.
Hence, at time t “ 0, the flavour eigenstate of the neutrino is a linear
combination of two mass eigenstates,
| νℓpt “ 0qy “ cos θ | νiy ` sin θ | νjy . (1.9)
When acted upon by the the time evolution operator, Uˆptq “ e´iHˆvt, the
wavefunction evolves to
| νℓptqy “ cos θe´iEit | νiy ` sin θe´iEjt | νjy (1.10)
at time t.
The mass states have fixed momentum, p, so for ultra-relativistic neutri-
nos, the masses are mi ! Ei with Eν “| p |. The dispersion relation above
can be approximated to Ei » Eν `m2i {2Eν . Introducing the square mass dif-
ferences, ∆m2ji ” m2j ´m2i , gives the energy difference between the two mass
states due to the slightly varying mass eigenstates,
Ej ´ Ei »
∆m2ji
2Eν
, (1.11)
The associated wavefunctions evolve with slightly different frequencies, and as
a result, the neutrino that was created with an ℓ2 flavour state will develop a
ℓ2 flavour component. The intensity of the ℓ2 component will increase along
the propagation, whereas the ℓ1 component will correspondingly be reduced.
The probability of measuring a particular flavour will therefore vary period-
ically with propagation as the particles travel as superpositions of the mass
eigenstates while they are created and annihilated as flavour states.
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Measuring the probability that a neutrino is in either flavour state after
a time t, can be calculated by assuming that the distance between source and
detector, d “ t. This is possible because ultrarelativistic neutrinos travel close
to the speed of light. The probability that the neutrino will remain in its
original flavour state is found by the survival probability by
Pνℓ1Ñνℓ1 pdq “| Aνℓ1Ñνℓ1 pdq |2“ 1´ sin2p2θq sin2
ˆ
∆m2jid
4Eν
˙
. (1.12)
where Aνℓ1Ñνℓ1 pdq ” xνℓ1 | νℓ1pdqy. The probability then oscillates back and
forth between 1 and 1 ´ sin2p2θq over a vacuum oscillation length, doscji “
4Eν{∆m2ji. The probability of measuring a neutrino of flavour ℓ2 is then
Pνℓ1Ñνℓ2 pdq “ sin2p2θq sin2
ˆ
2d
doscji
˙
. (1.13)
For the mixing of three flavours, a 3ˆ 3 matrix is required and the prob-
ability of measuring the oscillation of a neutrino to a different flavour from
origin becomes more complicated (see e.g. Giunti and Kim 2007). The prob-
ability of detecting a different flavoured neutrino after propagating a distance
d is in this case
Pνℓ1Ñνℓ2 pd, Eq “ δℓ1ℓ2 ´ 4
ÿ
jąi
RerU˚ℓ1jUℓ2jUℓ1iU˚ℓ2is sin2
ˆ
∆m2jid
4Eν
˙
´ 2
ÿ
jąi
ImrUℓ1jUℓ2iU˚ℓ1iU˚2js sin2
ˆ
∆m2jid
2Eν
˙
,
(1.14)
using the PMNS mixing matrix (Giunti and Studenikin 2009).
The above formalism assumes neutrinos travel in a vacuum, however
this is not necessarily the case in a physical scenario. Experiments need to
take into consideration neutrinos traversing matter, thus need to account for
the Mikheyev-Smirnov-Wolfenstein (MSW) effect when determining oscillation
probabilities.
Mikheyev-Smirnov-Wolfenstein Effect.When neutrinos travel through mat-
ter, an additional effect which modifies the evolution of the neutrino is impor-
tant. This is particularly important for Solar neutrinos, as they are created in
the dense interior of the Sun, and propagate through layers of varying density
en route to detectors on Earth. The potential generated from coherent elastic
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forward weak scattering of neutrinos on electrons and nuclei of the ambient
matter changes the effective neutrino mass. This modifies the oscillation and
mixing, as these are dependent on the square mass difference, e.g. Eqns. 1.12
and 1.13.
When neutrinos travels from high density regions to low density re-
gions, they become heavier than the surrounding matter, and in environ-
ments of varying densities, a resonant flavour transition may occur. This
is known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect (Wolfenstein
1978; Mikheev and Smirnov 1986). In vacuum the oscillations occur due to
a mass-related difference in frequency of the mass wavefunctions, however in
matter the misalignment of the phases is due to the total energy of the mass
eigenstate.
Although all neutrino flavours undergo neutral scattering via the Z0 ex-
change on electrons and nucleons, only electron neutrinos undergo charged
scattering on electrons via the exchange of W˘ (see Sec. 1.1.5). If only the
charged-current potential affects the electron neutrinos, the effective potential
for an ultra-relativistic neutrino νℓ travelling through matter is
Vℓ “ VCCδℓe ` VNC “
?
2GFpneδℓe ´ 1
2
nnq , (1.15)
where ne and nn are the electron and neutron densities in the ambient medium,
respectively, and GF is Fermi’s constant. The charged-current (CC) and
neutral-current (NC) potentials are given by
VCC “
?
2GFne (1.16)
VNC “ ´
?
2
2
GFnn . (1.17)
The two-neutrino mixing scenario can then be applied to the propagation of
a νe through an ambient electron field. The evolution of the neutrino is found
using the effective mixing matrix,
UM “
»
– cos θM sin θM
´ sin θM cos θM
ﬁ
ﬂ . (1.18)
The matter mixing angle θM is given by
tanp2θMq “ tanp2θq
„
1´ ACC
∆m2 cosp2θq
´1
, (1.19)
1.1. Neutrino Physics 28
and the effective square-mass difference is
∆m2M “
a
r∆2 cosp2θq ´ ACCs2 ` r∆m2 sinp2θqs2 . (1.20)
Here, ACC “ 2EνVCC “ 2
?
2EνGFNe. The resonance transition occurs when
ACC Ñ ARCC “ ∆m2 cosp2θq, which corresponds to an electron density of ne “
∆m2 cosp2θq{2?2EνGF. At the resonance, the mixing angle θM is maximal,
thus if the resonance region is wide enough, there can be a total transition
between flavours.
The transition probability of the oscillation in constant matter density is
PνeÑνµpdMq “ sin2p2θMq sin2
ˆ
∆m2MdM
4E
˙
, (1.21)
where dM is the distance travelled from the source. The form of this transition
probability is similar to that of the vacuum probability in Eqn. 1.13. If the
matter density is not constant the effect of dθM{dpdMq must be taken into
account by
dθM
dpdMq “
1
2
sinp2θMq
∆2M
dACC
dpdMq . (1.22)
The MSW effect is important to account for not only in studying the oscillation
phenomenon, but also in studying astrophysical neutrinos, which are created
in the dense interior of stars, as well as other environments, e.g. supernovae
and astrophysical jets.
1.1.4 Neutrino Production
Neutrino Production in β-decays.The production of neutrinos is highly en-
ergy dependent, due to the decay of hadrons. The prototypical weak interac-
tion producing a neutrino, the β´-decay (see Fig. 1.3), is of the form
nÑ p` e´ ` ν¯e , (1.23)
and usually occurs in neutron rich nuclei.
The process of electron capture produces a neutrino through the interac-
tion of a proton and electron,
p` e´ Ñ n` νe . (1.24)
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Fig. 1.3: Illustration of the neutron (β´) decay, for which a proton, electron, and anti-
electron neutrino are produced. This is a weak interaction mediated by the W´ boson,
indicated by the resultant neutrino product.
The decay of a proton, however, only occurs in nuclei. It is known as β`-decay,
i.e.
pÑ n` e` ` νe , (1.25)
and is the decay path of nuclei with proton excess. Due to the mass difference
between a proton and neutron, it requires additional energy to occur – the
nuclear binding energy. This binding energy is the potential energy released
from the constituent nucleons in a fusion reaction. It is given by the energy
difference between the sum of the nucleons (and electrons) and the measured
mass of the atom NpA,Zq,
BpA,Zq “ rZmp ` pA´ Zqmns ´mNpA,Zq , (1.26)
where A is the atomic mass number (the sum of protons and neutrons in the
nucleus) and Z is the number of protons.
The energy released in nuclear reactions is represented by the Q-value,
which is the difference between the kinetic energy of the initial and final states
of the system. Accounting for the rest masses of the reactants and products
of the process,
Q “ pmbefore ´mafterqc2 , (1.27)
gives the energy released as photons and neutrinos. In the case of positron
production in a plasma, the positron will annihilate with ambient free elec-
trons, and produce heat following e` ` e´ Ñ 2γ. Because the Q-value is the
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total energy released in a given nuclear decay, this heat is added to express the
effective Q-value. As it is determined from the binding energy of the nucleus,
the kinetic energy of an emitted neutrino will never exceed nuclear energies,
i.e. „ MeV.
In an astrophysical context, β-decays are the dominant reaction in stellar
sources, with energy releases from a few keV in low-energy thermonuclear
interactions in stars, to a few tens of MeV in supernova explosions.
Neutrino production in HE proton interactions.The production of ultra-
high energy (UHE) neutrinos is possible through hadronic decays in highly
energetic environments (see Sec. 1.2). The inelastic interaction (see discussion
on cross sections in Sec. 5.3) between energetic protons and ambient matter
fields produce neutrinos through the decay of the secondary neutrons and pions
(see below). The dominant reactions leading to the production of pions are
p` pÑ
$’’’&
’’’%
n` p ` π`
p` p ` π` ` π´
p` p ` π0
. (1.28)
The threshold energy for neutral pion production from pp interactions is
Eth,π0{c2 “ mp ` 2mπ
ˆ
1` mπ
4mp
˙
“ 1.218 GeV{c2 , (1.29)
where mπ0 “ 134.98 MeV{c2. For the production of a charged pion, the
threshold energy of the proton field (with observer frame energy Ecp) is given
by
Eth,π`{c2 “ mp
2
pχ´ 2q ` χmp ` χmπ
ˆ
1` mπ
2χmp
˙
“ 1.220 GeV{c2 , (1.30)
where
χ “ mn
mp
` 1 , (1.31)
andmπ` “ 139.57 MeV{c2. The incident proton then requires a Lorentz factor
of
γp Á
$’’’’&
’’’%
609 MeV
Ecp
pppÑ ppπ0q
610 MeV
Ecp
pppÑ npπ`q
(1.32)
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to produce a neutral or charged pion.
The third reaction produces both π` and π´ particles, and the threshold
energy is
Eth,π`π´{c2 “ mp ` 2Nπmπ
ˆ
1` Nπmπ
4mp
˙
“ 1.538 GeV{c2 , (1.33)
for Nπ “ 2, giving a Lorentz factor of the incident proton
γp Á 769 MeV
Ecp
. (1.34)
With increasing energy of the incident proton, the number of possible decay
channels increase, as does the pion multiplicity. This is due to the production
and subsequent decay of the resonances (see Fig. 1.4), as each decay can
produce more than one pion.
Below „ 2, GeV the pp-interaction is dominated by the single-pion pro-
duction channel, and the dominant resonance is the ∆-baryon. These in-
teractions are studied in several ground-based experiments. Towards higher
energies, however, the experimental data is increasingly lacking, and the de-
tails of the interactions are scarce. Above „ 2 GeV, intermediate resonances
may form, leading to numerous decay channels.
Generalising the pp-interactions to include multiplicity gives
p` pÑ
$’’’’’&
’’’’%
p `∆` Ñ
$’&
’%
p ` n` π` ` ξ0pπ0q ` ξ˘pπ` ` π´q
p ` p` π0 ` ξ0pπ0q ` ξ˘pπ` ` π´q
n `∆`` Ñ
$’&
’%
n` p ` π` ` ξ0pπ0q ` ξ˘pπ` ` π´q
n` n ` 2pπ`q ` ξ0pπ0q ` ξ˘pπ` ` π´q
, (1.35)
where ξ0 and ξ˘ are the multiplicities for neutral and charged pions, respec-
tively, and the ∆` and ∆`` baryons are the resonances (Fig. 1.4). The
pp-interactions are particularly efficient at lower energies in astrophysical sys-
tems. However, at higher energies („GeV, see Begelman et al. 1990) other
processes begin to dominate the proton cooling, such as proton-photon inter-
actions.
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Fig. 1.4: The interaction between a baryon and a secondary photon or baryon leads to
meson production through the ∆-resonance. Top: The decay of the ∆` decay, which is
produced in pp- or pγ interactions (Eqns. 1.35 and 1.36). Middle: The ∆``-decay produced
in pp-interactions (Eqn. 1.35). Bottom: The ∆0-baryon is produced in nγ-interactions (Eqn.
1.44).
An energetic proton interacting with ambient radiation fields leads to
photomeson production, through the decay of the ∆`-resonance (Fig. 1.4),
p` γ Ñ ∆` Ñ
$’&
’%
p` π0 ` ξ0pπ0q ` ξ˘pπ` ` π´q
n` π` ` ξ0pπ0q ` ξ˘pπ` ` π´q
. (1.36)
The pions will subsequently decay to neutrinos, among other particles. Sim-
ilar to the pp-interactions of Eqn. 1.35, the single-pion production (i.e.
when ξ0 “ ξ˘ “ 0) is dominant at lower energies. The branching ratio is
Brp∆` Ñ p ` π0q “ 2{3, and Brp∆` Ñ n` π`q “ 1{3. Measured in the pro-
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Fig. 1.5: Illustration of interactions with electron-positron pairs. Left: Breit-Wheeler pair
production, described in Eqn. 1.42. Centre: Pair production due to the interaction of a
photon with a baryon, known as Bethe-Heitler pair production (Eqn. 1.41). Right: Pair
annihilation producing a pair of photons (Eqn. 1.43).
ton rest frame, the threshold energy of the photon for the interaction to pro-
duce a neutral pion is
ε˚th,π0{c2 “ mπ
ˆ
1` mπ
2mp
˙
“ 144.69 MeV{c2 . (1.37)
In the proton rest frame, the photon energy is ε˚ “ εγpp1 ´ βp cos θq, where
ε is the photon energy in the observer frame. A commonly assumed head-on
collision gives the collision angle θ “ π, hence ε˚ “ 2εγp. The incident proton
must therefore have a Lorentz factor of
γp Á 72.3 MeV
ε
. (1.38)
Similarly, the threshold energy for charged pion production is
ε˚th,π`{c2 “
mp
2
pχ ´ 1q ` χmπ
ˆ
1` mπ
2χmp
˙
“ 151.44 MeV{c2 , (1.39)
where χ “ mn{mp. The incident proton Lorentz factor therefore needs to be
γp Á 75.7 MeV
ε
(1.40)
for the interaction to produce a charged pion.
The photomeson channel competes with Bethe-Heitler pair production,
which is illustrated in Fig. 1.5. It follows
p` γ Ñ p ` e´ ` e` , (1.41)
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and is triggered at a lower energy threshold (ε˚
th,e˘
« 1.02 MeV). This interac-
tion channel becomes important in the high-energy emission from astrophysical
environments, as the production rate increases monotonically with the energy
of the photon-target (Begelman et al. 1990). Pair-production can however also
occur in the interaction of two γ-rays,
γ ` γ Ñ e´ ` e` , (1.42)
known as Breit-Wheeler pair production (Fig. 1.5). Electron-positron pairs
may suffer annihilation, producing γ-rays by
e´ ` e` Ñ γ ` γ , (1.43)
also shown in Fig. 1.5. These leptonic and photonic products must be con-
sidered when studying emission from hadronic interactions in astrophysical
environments, e.g. when assuming a scaling relations between γ-ray, cosmic
ray, and neutrino emissions.
Products of proton interactions.The secondaries of the pγ- and pp-
interactions are predominantly neutrons, protons and pions, as seen in Eqns.
1.35 and 1.36. Other more exotic mesons, such as kaons and eta mesons,
are also possible products. However, due to their masses (Á 500 MeV) they
require significantly higher primary energies to be produced. Their produc-
tion rates are therefore quite low, and the emission from neutrinos produced
in the decay of these mesons is not detectable by current instruments (e.g.
Asano and Nagataki 2006)
Secondary protons in astrophysical systems will either continue to suffer
energy losses through repeated hadronic interactions, such as those described
in Eqns. 1.35 and 1.36, until their energies are too low for these interactions
to occur (e.g. Eqns. 1.38 and 1.40) – or escape the confinement of the source
as cosmic rays (see Sec. 1.2). Secondary neutrons can also lose energy through
photomeson production similar to that of Eqn 1.36, in the photo-induced con-
version to protons
n` γ Ñ ∆0 Ñ
$’&
’%
p ` π´ ` ξ0pπ0q ` ξ˘pπ` ` π´q
n ` π0 ` ξ0pπ0q ` ξ˘pπ` ` π´q
. (1.44)
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Fig. 1.6: Illustration of the decay of pions. The charged pions decay to muonic leptons,
whereas the neutral pion decays to photons, described in Eqns. 1.45 - 1.47. Left: The decay
of a π`-meson, mediated by the positive W-boson. Centre: The decay of a neutral pion
results in the production of 2γ. Right: The decay of a π´-meson via the negative W-boson.
If the neutron escapes its confinement, it can also decay directly to neutrinos
through the beta decay reaction given in Eqn. 1.23. Neutrons are therefore a
source of both cosmic ray and neutrino emission from astrophysical systems.
As illustrated in Fig. 1.6, the pions will decay as
π` Ñ µ` ` νµ (1.45)
π´ Ñ µ´ ` ν¯µ (1.46)
π0 Ñ γ ` γ , (1.47)
hence, the charged pions contribute to the cosmic neutrino content, and the
decay of neutral pions adds to the extragalactic γ-ray background (EBL).
The subsequent decay of muons (Fig. 1.7) leads to additional neutrinos
through
µ` Ñ e` ` νe ` ν¯µ (1.48)
µ´ Ñ e´ ` ν¯e ` νµ , (1.49)
and thus contribute to the diffuse neutrino flux. If the synchrotron energy
losses are low or negligible, the neutrino fluxes may be at observable energies.
1.1.5 Neutrino Interactions
A neutrino interacts weakly with matter through the exchange of the weak
force carriers, the W˘ and Z0 bosons, illustrated in Fig. 1.8. These are
dependent on the energy range and neutrino flavour. In charged-current (CC)
interactions a neutrino of flavour ℓ “ te, µ, τu interacts with a nucleon X ,
through the exchange of the W˘ bosons. It is thus a neutrino capture process
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Fig. 1.7: Illustration of the decay of muons, which results in a muon neutrino, and an
electron and electron neutrino mediated by the W-boson. Left: The decay of a negative
muon. Right: The decay of a positive muon.
following
νℓ `X Ñ ℓ´ `X 1 , (1.50)
producing a lepton, ℓ “ te, µ, τu, and a hadron X 1 that will produce a jet (e.g.
νℓ ` nÑ ℓ´ ` p).
A CC interaction which occurs in proton rich nuclei is known as inverse
β-decay, and is dominant in stellar sources. It is commonly used in nuclear
reactors, in the interaction
p` νe Ñ n ` e´ , (1.51)
whereby the escaping electron goes through electron capture (Eqn. 1.24, i.e.
the reverse of the inverse β-decay process).
Nuclear reactors and stellar environments have an energy threshold only
allowing νe to participate in CC interactions, whereas particle accelerators can
produce 2nd generation and a few 3rd generation leptons (see Sec. 1.3).
Neutral current (NC) interactions occur through the exchange of the Z0
boson, for which all flavours can participate,
νℓ `X Ñ νℓ `X 1 . (1.52)
This also leads to a hadronic cascade, e.g. νℓ ` nppq Ñ νℓ ` nppq.
The elastic scattering (ES) process is a third reaction by which the neu-
trino interacts with matter. The neutrino scatters off an electron mediated by
one of the weak force carriers, following
νℓ ` e´ Ñ νℓ ` e´ . (1.53)
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Fig. 1.8: Illustration of possible interactions between neutrinos and matter. The top left
figure shows the CC interaction between a neutrino νℓ and a nucleon X , producing a lepton
and nucleonX 1; top right shows the neutral interaction scattering the two incoming particles
without a charge transfer. The bottom left figure illustrates the ES process mediated by
a W-boson; and the bottom right figure illustrates ES scattering mediated by a neutral
Z-boson. See text for details.
These three ways for neutrinos to interact with matter are sensitive to energy
and flavour. Neutrino experiment and observatories can therefore probe a
variety of phenomena within particle physics and astrophysics by looking at
the details of the interactions. This is elaborated on in Sec. 1.3.
1.2 Neutrino Astrophysics
Detection of naturally occurring (extra-terrestrial) neutrinos has been an on-
going endeavour since the late 1960s, when R. Davis Jr. and J. N. Bahcall
offered a direct test for stellar evolution models involving nuclear fusion (see
e.g. Bahcall 1969; Bahcall and Davis 2000). They made the first detection
of Solar neutrinos (νe), thus solidifying the importance of studying neutrinos
produced through astrophysical phenomena. This momentous discovery was
the first step towards bridging neutrino physics with astronomy.
Astrophysical neutrinos are produced over a wide range of energies, de-
pending on the processes they emerge from (Fig. 1.9). Neutrinos from the
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Fig. 1.9: Expected source contributions to the SED of astrophysical neutrinos, supported
by neutrino detections by AMANDA-II and Frejus (see Sec. 1.3). The component at the
lowest energies is the cosmic neutrino background (CνB). Solar neutrinos are produced at
MeV-energies, with SN neutrinos dominating at energies of a few tens of MeV. At energies
Á GeV, the atmospheric background is prominent. Neutrinos at the highest energies
(Á 105 GeV) are presumably produced in the brightest and most energetic sources known,
e.g. GRBs and AGN. Figure is taken from Becker (2008).
Sun and other stellar objects are produced in thermonuclear reactions, and
therefore have energies of order MeV. Supernova neutrinos can reach up to a
few tens of MeV, as they are produced in the most energetic phase of a stellar
source. The atmospheric neutrino background is a consequence of interactions
of ultrahigh-energy cosmic ray (UHECR) particles with the upper atmosphere.
These cascade down as a shower of secondary particles, including a measured
neutrino flux at energies Á GeV. This background is heavily influenced by
the primary CR spectrum and composition.
As UHECR particles propagate through space from their source of ori-
gin, they will produce a population of so-called cosmogenic neutrinos in their
interaction with ambient matter and radiation fields. The Galactic sources
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responsible for the production of UHECRs are pulsars, supernova remnants
(SNRs) and merging neutron stars.
The origin of extra-galactic UHECR flux, on the other hand, has not yet
been identified. There are, however, a number of source populations that are
observed to fulfil the requirements for the production of particles to UHEs,
such as the ability to generate large-scale shocks. These cosmic accelerators
include sources with a supermassive black hole (SMBH) core, such as active
galactic nuclei (AGN), and extremely bright gamma-ray burst (GRB) events
produced by either particularly massive supernovae or merging neutron stars.
They are among the most luminous point sources in the Universe, and can
therefore be observed at distances far beyond our Galaxy. AGN are partic-
ularly interesting, due to their persistent existence throughout the history of
large-scale structures in the Universe, and are also abundant in the local Uni-
verse. Other extra-galactic candidate sources are starburst galaxies and bright
galactic centres; and, as large-scale shocks are capable of accelerating parti-
cles to observed energies, shocks in the intergalactic medium (IGM) are also
possible source candidates.
The neutrino spectral energy distribution is a superposition of the flux
emitted from the various source populations, shown in Fig. 1.9. The diffuse
emission from various Galactic source populations dominates at MeV-energies.
Above GeV-energies, neutrinos are produced by UHECRs interacting with the
atmosphere or within extra-galactic point sources.
As discussed in Sec. 1.1.5, neutrinos are produced in hadronic processes,
hence, the production path for UHECR protons in a given source will in-
evitably produce neutrinos as well. The UHECR composition is found to be
largely made up of high-energy protons, α-particles and some heavier nuclei.
Interactions with radiation or matter fields within the source environment will
therefore produce a population of astrophysical UHE neutrinos. The fluxes
of HE neutrinos of atmospheric or cosmogenic origin, or generated within the
source, can in principle be told apart due to the steepness of their spectra (see
Fig. 1.10, see also e.g. Gaisser et al. 1995).
At the very lowest energies of the neutrino content of the Universe, is the
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Fig. 1.10: Schematic representation of neutrino fluxes originating from atmospheric pro-
cesses (indicated on the figure with 1); produced by Galactic CRs interacting with the
interstellar medium (2); or within the source itself (3). The arrow is pointing at the neu-
trino energy at the atmospheric spectral break. Figure is taken from Gaisser et al. (1995).
cosmic neutrino background (CνB) that is a relic neutrino population from the
first two seconds after the Big Bang, when neutrinos decoupled from matter.
It peaks at energies of „ 10´4 eV (or a temperature of 1.945 K), which is far
below the energy threshold of current neutrino detectors.
A brief summary of the production of neutrinos below GeV-energies, i.e.
stellar neutrinos, including Solar and SN neutrinos, and the CνB is given in
Appendix B.
1.2.1 The Atmospheric Neutrino Background
When extra-terrestrial charged UHECRs impinge on the Earth, the first in-
teractions occur in the upper atmosphere. The atmosphere consists of atomic
nuclei, mostly oxygen and nitrogen, and the interactions produce secondary
showers of pions (π`π´), kaons (K`K´K0) and muons (µ`µ´). These are
unstable particles, and consequently decay weakly into observable neutrinos.
The spectrum of the atmospheric neutrino background follows the energy
spectrum of UHECRs, thus spans over many magnitudes in energy. It covers
a detectable flux across the energy range of 1 À EνrGeVs À 105. The uniform
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background is valuable as a test for experiments, and is an important source
of neutrinos for particle physics studies, such as for oscillation experiments
(see Sec. 1.3). It also provides a normalisation of the flux from astrophysical
neutrinos.
1.2.2 Cosmogenic Neutrinos
A central area of astroparticle physics is the study of UHECRs (see e.g. review
by Kotera and Olinto 2011). These particles are messengers from, in some
cases, distant sources, and are prime candidates to diagnose the environments
in which they are produced. Additionally, as they propagate through space,
interactions with ambient radiation and matter fields will produce a population
of cosmogenic neutrinos.
The composition of UHECRs is debated, but observations lean towards a
mix of predominantly protons, α-particles and possibly a component of heavier
nuclei, such as iron (Kotera and Olinto 2011). A consequence of the charged
composition of UHECRs is that the path they follow travelling through space
is affected by cosmic magnetic fields. The degree of deflection is dependent
on the UHECR energy; i.e. composition and properties of the production
region within the source; and the strength of the magnetic fields they traverse.
Furthermore, as they propagate through space, the UHECR particles interact
with radiation and matter fields in the intergalactic and Galactic medium
(IGM and GM, respectively), resulting in the attenuation of the emission.
Cosmic radiation fields are particularly important target fields; one of
which is the ubiquitous cosmic microwave background (CMB), consisting of
a thermal photon population with energies „ 10´4 eV (or a temperature of
2.725 K). This background is the emission from when the Universe became
transparent, allowing photons to travel freely through space, and took place
380 000 years after the Big Bang. Cosmogenic neutrinos are in this case
produced by
pUHECR ` γCMB Ñ π` Ñ νµe`νeν¯e . (1.54)
requiring the primary proton to have a Lorentz factor of γp Á 1011 (see Eqn.
1.40).
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The extragalactic background light (EBL) is the diffuse photon back-
ground consisting of radiation from star formation and AGN emission through-
out the history of the Universe. It extends several decades of energy, with an
observed spectrum covering the infrared (IR) to ultraviolet (UV) wavebands
(i.e. 10´3 À EEBL reVs À 102). These pγ-interactions between UHECRs and
these radiation fields are described in Eqn. 1.36 in Sec. 1.1.4.
Similarly, UHECRs participate in hadronic interactions pp-interactions
(see Eqn. 1.35 in Sec. 1.1.4) when they propagate through the IGM or the in-
terstellar medium (ISM). The pγ- and pp-interaction channels will both lead
to the production of UHE neutrinos, and a comparable emission of γ-rays;
the former due to the decay of charged pions; and the latter due to the de-
cay of the neutral pion (see Eqns. 1.45-1.47). The energy spectra of these
products therefore follows that of the UHECRs. The origin and energy distri-
bution of cosmogenic neutrinos has been widely discussed since the 1970s (e.g.
Beresinsky and Zatsepin 1969; Stecker 1973; Berezinskii and Ozernoi 1981;
Learned and Mannheim 2000; Engel et al. 2001; Anchordoqui et al. 2007;
Becker 2008; Kotera et al. 2010; Berezinsky et al. 2011; Ahlers and Halzen
2012; Sigl and van Vliet 2014).
The observed cosmic ray energy spectrum is remarkably detailed, ranging
several orders of magnitude. It follows a broken power law, 9 E´α, with
spectral index α, as shown in Fig. 1.11 and has well-defined spectral breaks
(see e.g. Hillas 2006; Kotera and Olinto 2011). Below the knee (spectral break
at EUHECR „ 106 GeV), the spectral slope is α « 2.7.
At energies around 106´109 GeV, a transition in the spectrum from Galac-
tic to extra-galactic CRs, is expected to occur. The transition to extragalactic
sources is determined by the limits of acceleration feasible in known Galactic
objects; such as SNRs, pulsars and merging neutron stars. A second knee is
observed at EUHECR „ 3 ˆ 108 GeV, and the slope between the two knee-
features is α « 3. Between the second knee and the ankle (EUHECR „ 4ˆ 109
GeV), the slope is α « 3.3.
Above the ankle, the slope is α « 2.6, up to an observed suppression
in the spectrum at EUHECR Á 3 ˆ 1010 GeV (see e.g. Abbasi et al. 2008;
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Fig. 1.11: The observed UHECR spectrum is exceptionally detailed, with three identifiable
breaks, in an otherwise uniform distribution. Figure is taken from Hillas (2006).
Abraham et al. 2008). This spectral feature is consistent with the Greisen-
Zatsepin-Kuzmin (GZK) cut-off (Greisen 1966; Zatsepin and Kuz’min 1966),
which limits the maximum energy of UHECRs due to energy losses in pγ-
interactions between propagating UHECRs and extragalactic radiation fields.
It may, however, also be a consequence of the maximum particle energy that
the sources are capable of generating. UHECRs are observed at energies
„ 1011 GeV (see e.g. Linsley 1963; Pierre Auger Collaboration et al. 2007;
Kotera and Olinto 2011), which sets a lower limit to the Lorentz factor of the
primary particle (see Eqn. 1.40). The highest energy UHECR was detected
at an energy of 3ˆ 1011 GeV (Bird et al. 1993).
Photomeson production is a particularly efficient proton energy loss mech-
anism, and limits the distances that observed UHECRs have travelled. This is
known as the GZK horizon, and refers to the pγ-interaction between UHECRs
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and CMB photons. The interaction limits the maximum energy that UHECRs
can have if travelling across distances beyond 50 ´ 100 Mpc, as protons are
attenuated in the pγ-interactions (see Eqns. 1.36 and 1.41). In comparison,
the diameter of the Virgo Supercluster is about 30 Mpc.
The GZK mechanism implies that UHECRs with energies above about «
3ˆ1011 GeV must have been produced within the GZK horizon. The detection
of UHECRs exceeding the GZK energy threshold indicates that within the
GZK horizon, there exist cosmic accelerators. These populations are also
expected to produce a population of so-called GZK neutrinos. The sources
are, however, not yet confirmed.
1.2.3 Neutrinos from Cosmic Accelerators
Interactions between charged UHECRs and ambient radiation and matter
fields will naturally lead to the production of cosmogenic neutrinos. In ad-
dition to the neutrino signal from propagating UHECRs, it is therefore ex-
pected that neutrino production also takes place within the same sources that
are responsible for the production of UHECR particles. As UHECRs have
been observed at energies up to „ 1011 GeV, their production requires highly
violent astrophysical source environments. Candidate sources must be cosmic
accelerators with strong magnetic fields and strong radiative emission, thus ca-
pable of generating a population of highly energetic protons (e.g. Rachen 2000;
Kotera and Olinto 2011). Assuming that the primary energetic proton pop-
ulation is larger than that escaping as UHECRs, neutrinos will consequently
be produced in the interactions between these primary protons and ambient
matter or radiation fields in the source.
The maximum energy that primary interacting particles can attain in a
powerful accelerator can be estimated from a relation between the size of the
source and its magnetic field strength, as the source must be able to confine
and accelerate particles to the required energies. This implies that the radius
of the circular motion of a charged particle i travelling in a uniform magnetic
field B within the source (the Larmor radius, rL “ Ei{pqeBq) must be smaller
than the size of the acceleration region, r. This is known as the Hillas criterion
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(Hillas 1984), given by
Emaxpergq “ Zqepesuq BpGq rpcmq , (1.55)
where Zqe is the charge of the particle, and qe is the elementary charge magni-
tude in electrostatic units (esu); B is the strength of the magnetic field in units
of Gauss, and r is the size of the accelerating source in units of centimetres.
For a primary proton population (Z “ 1), the maximum energy in units of
GeV is
Ep,maxpGeVq « 3ˆ 10´7 BpGq rpcmq . (1.56)
The associated Hillas diagram summarises powerful sources capable of pro-
ducing the highest energy cosmic rays, seen in Fig. 1.12. Candidate sources
of UHECRs include AGN, GRBs, SNRs, and neutron stars. Within the AGN
system, energetically suitable environments include the AGN core, jets, and
the terminal shock region of the outer lobe.
The Hillas criterion is however purely an upper limit, as there are other
considerations which determine the maximum energy of the particles. En-
ergy losses due various radiative processes within the sources must be taken
into account. The acceleration mechanism is not well understood, though
observations indicate shock acceleration as a strong possibility, through e.g.
Fermi processes (see Sec. 5.2.2). For significant energy gain, the accelera-
tion timescale must be shorter than the timescale for the particles to escape
the confinement region. Accounting for processes of energy gain and losses
imparts a second constraint, ensuring there is sufficient time to reach the re-
quired energies. This means that for sufficient energy gain, the timescale of
acceleration tacc ă tloss, where the cooling timescale tloss includes losses due
to synchrotron emission (tsynch), adiabatic expansion (tad), and energy losses
due to interactions with ambient radiative or hadronic media, given by the
timescales tpγ and tpp (see Sec. 5.3).
A third constraint, the GZK limit, is imposed by the observation of UHE-
CRs (with energies Ep Á 3 ˆ 1010 GeV) so that the acceleration is required
to be faster than the attenuation of UHECR upon interaction with the CMB.
This implies that the sources must be found within the GZK horizon, with
1.2. Neutrino Astrophysics 46
radius rGZK „ 50 ´ 100 Mpc), depending on the energy and composition of
the cosmic rays. The implications for UHE neutrino sources is that a source
population should exist both locally and at larger distances. A UHECR signal
should therefore be expected to correlate with the UHE neutrino signal within
the GZK horizon. At larger distances, however, only the neutrino population is
expected to reach us with negligible attenuation. If these criteria are fulfilled,
neutrino production also requires that matter or radiation fields in the source
are opaque to protons so that interactions may occur. Neutrino production
will therefore set constraints on the strength of the source magnetic field and
the optical depth of the ambient fields that allow interactions to occur.
Neutrino production is intimately connected to the production of UHE-
CRs and γ-rays, as shown in Eqns. 1.36 and 1.35. Despite the evident link
to these high-energy messenger particles, the neutrino emission may deviate
significantly from a correlation to the UHECR and γ-ray signals derived from
the production channels. If the source environment is significantly opaque, it
would effectively absorb these particles whereas neutrinos would escape freely
(Berezinsky and Dokuchaev 2006). Additionally, the intensity of the escaping
UHECR and γ-ray emission would suffer losses when travelling through the
extragalactic background (e.g. the CMB), and CRs are deflected in cosmo-
logical magnetic fields. It is, however, a good indicator of possible sources of
neutrinos, due to this primary connection of these three high-energy messen-
gers.
A number of candidate sources have been suggested and discussed over
the years, summarised in the Hillas plot shown in Fig. 1.12. These range from
galactic to extragalactic systems, e.g. Eichler and Schramm (1978); Schramm
(1980); Berezinski˘ı (1981); Gaisser et al. (1995); Learned and Mannheim
(2000); Becker (2008); Chiarusi and Spurio (2010); Katz and Spiering (2012);
Anchordoqui et al. (2013). Galactic sources include SNRs, young pulsars
surrounded by opaque supernova shells, and binary systems such as X-ray
binaries and microquasars (Kolb et al. 1985; Alvarez-Mun˜iz and Halzen 2002;
Beall and Bednarek 2002; Zhang et al. 2003; Nagataki 2004; Christiansen et al.
2006; Razzaque et al. 2010; Baerwald and Guetta 2013). These sources are
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Fig. 1.12: Adaptation of the Hillas diagram for maximum proton energies from
Kotera and Olinto (2011), where the source parameter uncertainties for each candidate pop-
ulation is taken into account. The lines denote the maximum proton energy possible for a
given source: above 107, 109 and 1011 GeV. At the highest energies AGN, including jets and
hotspots, are seen as strong candidate sources for UHECR production, hence also sources
of the accompanying HE neutrino emission. We assume that the composition of UHECRs
is purely made up of protons, but note that this is debated, in particular for energies above
109 GeV where a heavier composition is likely (Kotera and Olinto 2011).
expected to produce neutrinos through pp-interactions, where the acceleration
of protons occurs in the core of SNRs due to a central neutron star (pulsar).
The energetic protons collide with the remnant shell surrounding the central
object after escaping the confinement region. In binary systems the neutrino
production occurs through the interaction of the energetic protons with mat-
ter in the stellar companion (e.g. red giant) star. In microquasar/pulsar jets,
neutrino production is also modelled through pγ-interactions with ambient
radiation fields in or around the jet. Clearly these sources would also be found
in other normal galaxies, however, if the flux of cosmic rays can be assumed
1.2. Neutrino Astrophysics 48
to be of similar order to that of our own galaxy, the emission in the Milky
Way will dominate due to attenuation on larger distances.
The observed transition from galactic to extragalactic sources in the
UHECR spectrum (Fig. 1.11, see also Kotera and Olinto 2011) means that a
population of powerful extragalactic sources must be considered. The most
powerful sources known are AGN, quasars, and GRBs, that have all been
studied extensively as possible cosmic accelerators. Quasars and GRBs are
not only the brightest point sources on the sky, but also those identified at
the largest cosmological distances – at about z „ 7 and z „ 8, respectively
(Mortlock et al. 2011; Tanvir et al. 2009). In addition, starburst galaxies have
been given attention as neutrino producers as they are expected to have a high
supernova rate, implying a source capable of accelerating CR protons and a
dense ISM to act as target field for pp-interactions (Loeb and Waxman 2006;
Stecker 2007; Lacki et al. 2011).
GRBs have been central to high-energy emission and neutrino pro-
duction studies. The emission from GRBs have also been studied con-
sidering the precursor, such as colliding neutron stars (Ruffert et al. 1997;
Ruffert and Janka 1998), core-collapse supernovae and collapsars (Linke et al.
2001; Razzaque et al. 2004), and population-III progenitors (Schneider et al.
2002; Iocco et al. 2008). Two variations of the phenomenon are identified;
short and long flashes of gamma rays, on timescales shorter or longer than
two seconds, respectively. The origin of these extremely energetic bursts -
among the brightest in the Universe - is still debated. The short and long
bursts are thought to be caused by different processes because the two events
are found to occur in different physical environments. Short GRBs are found
in low star formation regions, and are thought to originate from neutron star
mergers – either a binary system of neutron stars, or the merging of a neutron
star with a black hole. Long bursts are associated with galaxies exhibiting
rapid star formation, and so are strongly linked with the death of massive
stars and core-collapse SNe. The long GRBs account for about 70% of GRB
events. High energy emission from GRBs is observed, however, the exact
mechanisms of the conversion of energy to radiation is not fully understood.
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Neutrino production in GRBs is a possibility due to this high-energy com-
ponent. The attempt to identify GRBs as UHECR sources has motivated
models that predict an associated observed HE neutrino flux since the mid
1990s (the fireball model of Waxman and Bahcall 1997, see also recent review
of Gehrels and Razzaque 2013). Although the IceCube Collaboration reported
strong constraints on GRB neutrinos (Abbasi et al. 2012), excluding certain
features of the fireball model, modifications and new models have since been
proposed with the expectation of further detections.
The most promising candidates are AGN due to their very compact and
energetic regions in the centre of their host galaxies. These objects are among
the most luminous in the Universe, involving the gravitational infall of matter
onto a super-massive black hole (SMBH) of masses typically in the range
107 ´ 109 Md. The accreting matter is attracted by the SMBH from the host
galaxy stars and gas, which forms an accretion disc surrounding the black hole.
Emission is observed over a wide range of wavebands, from radio to gamma ray,
as gravitational potential energy is efficiently converted to radiative emission.
In some cases, the radiation is released as two oppositely directed colli-
mated relativistic jets, aligned perpendicular to the accretion disc – and it is
here that the answer to the origin of high-energy astroparticles may lie. Along
the relativistic jets, energy and particles are transported from the inner parts
of the accretion disc to regions on kpc and Mpc scales away from the nucleus.
The creation mechanisms of these jets (including the launching region) and
their composition is still unknown. If it has a hadronic component, this may
be where the charged high-energy particles are accelerated to observed ener-
gies. UHECRs are observed at energies beyond 1011 GeV and, if created in
AGN jets, there will be an accompanying emission of neutrinos (see Ch. 2).
1.3 Neutrino Experiments and Observatories
From standard oscillation theory, the flux of neutrinos produced in pion decay,
pνe : νµ : ντ qsource “ p1 : 2 : 0q, will give the observed flux ratio pνe : νµ :
ντ qEarth “ p1 : 1 : 1q (see e.g. Learned and Pakvasa 1995). Deviations from
this ratio is however possible, such as in a muon-damped case, in which pνe :
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Fig. 1.13: CC tracks of neutrino interactions. Left: the interaction of a νµ with matter
will produce a long muon track and a shower of hadrons (X), whereas that of an νe will lead
to a short electron track, followed by a shower. Right: the interactions of ντ has a more
complicated event signature. The branching ratio for either a decay to a muon (i.e. a long
event) and neutrinos, or electrons (short event) and neutrinos is 18%. However, 86% of τ
decays leads to a single charged particle. The neutrino experiments are looking for these
signatures when studying neutrino interactions.
νµ : ντ qsource “ p0 : 1 : 0q becomes pνe : νµ : ντ qEarth “ p4 : 7 : 7q (e.g. Winter
2012).
Neutrinos may only be observed through their associated charged lep-
tons. As neutrinos interact with nuclei in the detector medium, the secondary
leptonic and hadronic showers show the signatures of the incoming neutrino.
The interactions described in Sec. 1.1.5 are therefore of particular interest,
as the trails and cascades detected are unique to the particles involved in the
interactions, as seen in Fig. 1.13.
The interactions are only kinematically allowed if there is sufficient energy
in the centre of mass of the particle. Hence, for interactions of nuclear and
astrophysical origin, the energy considerations are particularly important. For
example, nuclear interactions in reactors, accelerators or stellar environments
(see Sec. B.4) involve neutrinos with energies of order „ 1 MeV, so only νe
are able to interact through CC scattering, as there is not sufficient energy
available for the other flavours to produce their associated charged leptons.
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The energy of neutrinos of atmospheric and cosmic accelerator origin is of
order „ 1 GeV or higher, meaning CC scattering of later generation leptons
is possible.
A Cherenkov detector takes advantage of the observed effect of a charged
particle travelling through a dielectric medium (e.g. water) at speeds faster
than the speed of light in that medium; a cone of electromagnetic radiation
known as Cherenkov light, is emitted around the direction of motion. It ap-
pears as a blue glow, and its shape is used to distinguish incoming particles,
and allows for the tracks to be reconstructed, as illustrated in Fig. 1.14.
Due to the difference in tracks of the charged leptons, shown in Fig. 1.13,
the Cherenkov cone produced will vary with the type of lepton. As the muon
track is a long event, the observed Cherenkov cone is detected as a well-defined
circle by photomultiplier tubes (PMTs). As the electron track is short, and
produces a shower, the observed Cherenkov light is a superposition of several
cones, thus producing a more diffuse ring in the detector. The half-angle of
the Cherenkov cone, θC is found by
cospθCq “ 1
nβ
, (1.57)
where n is the refractive index of the medium (for water at 20˝C, n “ 1.33),
and the speed of the charged particle i is expressed as β “ vi{c. The speed
of the Cherenkov light waves is vem “ c{n. The use of Cherenkov detectors
was invaluable to the development of neutrino astrophysics, as the Cherenkov
effect provides directional, temporal, and spectral information.
The detection of UHE (Á 103 GeV) neutrinos was highlighted as a problem
of special importance and interest by Ginzburg (1971) at the very advent
of neutrino astronomy, when the experiments to detect Solar neutrinos kept
physicists puzzled by the discrepancy between theory and observation (see
Sec. B.4). Already observed at this time were UHECRs reaching energies
up to 1011 GeV (Linsley 1963), although their sources were then, as now,
debated. The success of Cherenkov detectors in the study of low (Eν „ MeV)
to intermediate (Eν ă GeV) energy neutrinos launched a new generation of
large-scale dedicated neutrino observatories constructed to detect the highest-
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Fig. 1.14: Cherenkov radiation. Left: the signature of a muon in a Cherenkov detector is
a well-defined circle. Right: the electron leaves a short trail followed by an electron shower,
hence the detector will see a diffuse circle left by multiple Cherenkov cones.
energy neutrinos.
Due to the elusive nature of the neutrino, hence low interaction rates
with matter, the detection of the highest-energy neutrinos requires large vol-
umes of target material for interaction statistics to be significant. The target
medium must be both dense to increase interactions, but also transparent
to allow Cherenkov light to travel to the optical sensors of the detector. A
naturally available target is polar ice and sea water, which allows the de-
tection of considerably higher-energy neutrinos than is possible by detectors
with man-made tanks. The Deep Underwater Muon and Neutrino Detection
(DUMAND) project, located in the Pacific Ocean off the coast of Hawaii, pio-
neered this type of high-energy neutrino detector. Although it was never com-
pleted, research and development (R&D) carried out while active (1976-1995,
see e.g. Markov and Zheleznykh 1986; Chiarusi and Spurio 2010), established
the field of UHE neutrino astrophysics. The large-scale neutrino observa-
tory concept developed by DUMAND involves cables lowered into the target
medium, spread over a squared-kilometre area, as demonstrated in Fig. 1.15.
Each cable have a number of optical modules with PMTs attached, which
record the Cherenkov light emitted when a neutrino-induced lepton travels in
the medium. Both CC and NC interactions are observed, giving a unique de-
tection signature, as described above. To get an astrophysical neutrino signal
larger than that from downwards-moving muon tracks (from the interaction
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of cosmic rays with the atmosphere), neutrino detectors cover a large volume,
and are located far below the surface, to detect upward-going neutrinos, such
that the Earth is used as a shield from background radiation.
1.3.1 Cherenkov detectors with Water and Ice
Cherenkov detectors with a water or ice target have the potential of detecting
astrophysical neutrinos with energies up to about 108 GeV. The first gener-
ation of neutrino telescopes based on the DUMAND-design was the NT200
detector, 1.1 km beneath Lake Baikal in Russia (Aynutdinov et al. 2009); and
the Antarctic Muon And Neutrino Detector Array (AMANDA), at depths
between 1.5 and 2 km at the South Pole (Andre´s et al. 2001).
The Baikal detector began operating in 1998, covering an effective volume
of 0.1´5 m3, for an incoming neutrino of energy 104 GeV to 107 GeV, respec-
tively. In 2005, the detector was upgraded, increasing the effective volume by
an order of magnitude. An analysis of data taken from 1038 days between 1998
to 2003 resulted in a diffuse flux limit for astrophysical UHE neutrinos, shown
in Fig. 1.16 (Aynutdinov et al. 2006; Avrorin et al. 2009, see also Table 1.1).
The Baikal collaboration is currently constructing a km3-scale neutrino obser-
vatory – the Gigaton Volume Detector (GVD, Avrorin et al. 2013) – which
will be able to detect (upward-going) UHE astrophysical neutrinos from the
Southern Hemisphere.
The AMANDA-B10 detector was a proof-of-concept detector that began
to record data in 1997. It used the Antarctic ice as target material, fol-
lowing the proposition of Halzen and Learned; that ice would be a suitable
Cherenkov medium, similar to the water target proposed by the DUMAND
project (Halzen and ICnumu 1988). The detector was upgraded to AMANDA-
II, completed in 1999, with an effective volume of 104 ´ 106 m3 for neutrinos
in the energy range 104 ă EνrGeVs ă 106. Both detector configurations were
used to set diffuse neutrino flux limits (Ahrens et al. 2003; Achterberg et al.
2007), summarised in Table 1.1. The latter is shown in Fig. 1.16. AMANDA
ran for nine years, and has now been integrated into the largest neutrino obser-
vatory to date – the IceCube Neutrino Observatory – finally realising the km3-
scaled neutrino observatory envisioned by the DUMAND science group. Ice-
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Baikala 9.7 ˆ 10´8 2 ˆ 104 ´ 2 ˆ 107
1998 ´ 2003
p1038q
AMANDA-B10 8.4 ˆ 10´7 6 ˆ 103 ´ 106
1997
p138q
AMANDA-II 7.4 ˆ 10´8 1.6 ˆ 104 ´ 2.5 ˆ 106
2000 ´ 2003
p807q
IC-59 1.44 ˆ 10´8 3.45 ˆ 104 ´ 3.66 ˆ 107
2009 ´ 2010
p348.1q
IC-79 + IC-86b 1.2 ˆ 10´8 3 ˆ 104 ´ 1.2 ˆ 107
2010 ´ 2012
p615.9q
IC-3yrb 0.95 ˆ 10´8 3 ˆ 104 ´ 2 ˆ 107
2010 ´ 2013
p988q
ANTARES-2yr 5.3 ˆ 10´8 2 ˆ 104 ´ 2.5 ˆ 106
2007 ´ 2009
p334q
ANTARES-4yr 5.1 ˆ 10´8 4.5 ˆ 104 ´ 106
2007 ´ 2011
p855q
AUGER-6yrb 1.74 ˆ 10´7 108 ´ 1011
2004 ´ 2010
p„ 730q
AUGER-9yrb 6.4 ˆ 10´9 108 ´ 2.5 ˆ 1010
2004 ´ 2013
p„ 2336q
RICEa 1.67 ˆ 10´7 108 ´ 1011
1999 ´ 2010
p1751q
ANITA-IIa 4.7 ˆ 10´8 109.5 ´ 1014.5
2008 ´ 2009
p28.5q
Diffuse
νµ-flux limit
Energy range
Years
(live days)
Table 1.1: Experimental diffuse νµ-flux limits measured by high-energy neutrino observa-
tories. The neutrino flux limits are given as E2νΦν rGeV cm
´2 s´1 sr´1s; neutrino energy
ranges are given in units of GeV. a) a third of the all-flavour limit reported in the relevant
publication is quoted. b) quoted is the single-flavour limit, which, due to equal mixing ratio
on Earth, applies to νµ-neutrinos. Comparable limits are plotted in Fig. 1.16. See text for
details.
Cube detects astrophysical neutrinos coming from the Northern Hemisphere.
The design of IceCube is shown in Fig. 1.15. A total of 86 cables are
immersed in the polar ice, and each of these hold 60 digital optical modules
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Fig. 1.15: Schematic of the IceCube neutrino detector. The 86 cables are immersed in the
ice, each with 60 optical sensors with PMTs. Built around the proof-of-concept detector
AMANDA, it covers a cubic kilometre-sized volume, 1450 metres under the polar ice. Figure
taken from Anchordoqui et al. (2013).
containing PMTs. The cables are located at depths between 2450 and 1450
metres beneath the ice, surrounding the retired AMANDA detector. The final
configuration was completed at the end of 2010, and it has since then consis-
tently lowered the experimental flux limits, and most importantly, confirmed
the existence of astrophysical neutrinos. The first reports of detections came
out in 2013 (Aartsen et al. 2013; IceCube Collaboration 2013), with the obser-
vation of two PeV-neutrinos (with energies of 1.07ˆ 106 and 1.24ˆ 106 GeV,
Halzen 2014), and an additional 26 neutrino-induced events between 3 ˆ 103
and 1.2 ˆ 103 GeV – thus, it has definitively opened a new window to the
Universe.
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Table 1.1 summarises the latest flux limits, set by the IceCube, at 90%
confidence level, from analyses of data taken during its partial configurations
with 59 cables (IC-59, Aartsen et al. 2014a); combined 2-year (IC-79+IC-86,
IceCube Collaboration 2013); and 3-year (IC-3yr, Aartsen et al. 2014b) 79-
and 86-cable configurations. Full configuration is 86 cables, so the IceCube
observatory has been running at full capacity since late 2010. The 3-year
analysis resulted in the detection of 37 astrophysical neutrinos in total, for
which nine were detected in the third year – including a third PeV-neutrino,
depositing 2 ˆ 106 GeV into the detector. A best-fit power-law for the astro-
physical neutrino flux was determined from a two-year (2010-2012; 641 live
days) analysis, giving a best-fit flux spectrum for astrophysical neutrinos of
Φν “ 2.06ˆ 10´18
ˆ
Eν
105 GeV
˙´2.46
GeV´1 cm´2 s´1 sr´1 (1.58)
in the energy range of 2.5ˆ104 ă EνrGeVs ă 1.4ˆ106 (Aartsen et al. 2015b).
After 659.5 live days, in the same two-year period, an updated flux spectrum
was found to be
Φν “ 9.9ˆ 10´19
ˆ
Eν
105 GeV
˙´2
GeV´1 cm´2 s´1 sr´1 , (1.59)
with a spectral index fixed at α “ 2. A sample of 35 000 muon neutrinos from
the Northern hemisphere was included in this analysis (Aartsen et al. 2015a).
These IceCube flux measurements can be found in Fig. 1.16. The analysis
of the confirmed astrophysical neutrino events has concluded that these are
not of an atmospheric origin, confirming the existence of HE neutrinos from
powerful sources – either from within our galaxy (e.g. pulsars) or beyond (e.g.
AGN, GRBs). The statistics are yet too low to derive any significant informa-
tion on the origin of these events. The detections are however consistent with
an extra-galactic origin, as some of the highest-energy events are detected at
high Galactic latitudes, and has a large isotropic component (Aartsen et al.
2015a).
Whereas the IceCube observatory is looking at the Northern Hemisphere,
the Southern Hemisphere is yet to be covered by a large-scale neutrino ob-
servatory. The Baikal-GVD is under development, however, construction of a
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multi-kilometre-scaled observatory in the Mediterranean, named KM3NeT,
is also underway. The KM3NeT will incorporate three prototype first-
generation neutrino observatories that demonstrate the concept of a large neu-
trino observatory deep underwater; NESTOR (Neutrino Extended Submarine
Telescope with Oceanographic Research, Rapidis and NESTOR Collaboration
2009), which is located off the Greek coast; NEMO (Neutrino Mediterranean
Observatory, Capone et al. 2009), which is under development off the Italian
coast; and ANTARES (Astronomy with a Neutrino Telescope and Abyss en-
vironmental REsearch, Ageron et al. 2011), which is located off the French
coast. NESTOR and NEMO are in the R&D phase, with first deployment of
detector structures in 2003 and 2006, respectively.
ANTARES, on the other hand began taking data in 2007, with five of
twelve cables deployed. The construction completed in 2008, and it has already
set some limits on the diffuse neutrino flux. The first limit set by ANTARES
covered the first two years of operation (Aguilar et al. 2011), which was later
reduced in an updated limit, covering four years of data (Schnabel 2015),
summarised in 1.1.
The Pierre Auger Observatory (PAO) is a hybrid UHECR detector, com-
bining water Cherenkov detection with fluorescence detectors to detect air
showers (Watson 2008; The Pierre Auger Collaboration 2015). The observa-
tory consists of 1660 Cherenkov detectors filled with 12 000 litres of ultra-
pure water; each with three PMTs detecting the secondary particles from air
showers. The Cherenkov array covers an area of 3000 km2. 27 fluorescence
detectors observe the developments of the air showers above the water tanks.
It is located in western Argentina, and began taking data in 2004. In 2008 its
construction was completed.
Apart from the detection of UHECRs, its design enables the observatory
to differentiate between showers initiated by neutrinos and protons, and is
therefore able to set limits on the diffuse astrophysical flux as well. Neutrino
showers occur deeper in the atmosphere than hadronic showers, and by identi-
fying highly inclined showers, PAO determined diffuse limit, covering the first
6 years of operation (Abreu et al. 2011), and recently reported an updated
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Fig. 1.16: Experimental diffuse νµ-flux limits. The limits are given from; Baikal:
(Avrorin et al. 2009); AMANDA-II (Achterberg et al. 2007); the ANTARES 4-year analysis
(Schnabel 2015); ANITA-II (Gorham et al. 2012); nine years of data from PAO (Aab et al.
2015); and IceCube limits from the 59-string (Aartsen et al. 2014a), combined 79- and 86-
string configurations after 2 years (IceCube Collaboration 2013) and 3 years (Aartsen et al.
2014b). The derived power-law spectrum given in (Aartsen et al. 2015a) is shown in red;
the yellow curve gives spectrum given in (Aartsen et al. 2015b). See text for details.
limit (Aab et al. 2015), both which are shown in Table 1.1. In Fig. 1.16 we
plot the most recent limit.
The PAO design is currently expanding to include radio arrays,
which will complement the Cherenkov and fluorescence detectors (see e.g.
Berat and Pierre Auger Collaboration 2013; Maller and Pierre Auger Collaboration
2014). The radio arrays will constrain the nature of the air showers, such as
properties of the primary particle, arrival direction and energies.
1.3.2 Radio Cherenkov detectors
Water and ice Cherenkov detectors have a discovery potential of neutrinos up
to about 100 PeV, but fluxes above these energies are expected to be too low
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any valuable detection probabilities. In an effort to detect extremely high-
energy neutrinos (EHE, Eν Á 108 GeV), experiments using radio signatures
from the Cherenkov radiation are developed (e.g. Becker 2008). The method
was originally proposed by G. A. Askaryan (e.g. Jelley 1996, and references
therein), showing that a radio-frequency signal from Cherenkov radiation can
be detected by antennae near a dielectric target medium of e.g. ice, salt or
sand.
The signal arises from the neutrino induced electron-positron showers; due
to electrons in the medium becoming part of the shower and pair-annihilation,
there is a 20% charge asymmetry. This negative charge excess leads to a
coherent Cherenkov radiation signal at wavelengths longer than the transverse
size of the shower („ 10 cm), and is therefore observed at radio frequencies
(see e.g. Connolly 2008).
The Radio Ice Cherenkov Experiment (RICE) was co-deployed with
AMANDA, collecting data since 1999. Using the Askaryan effect, it detects
neutrino-induced radio signals with an array of 18 radio receivers submerged
deep in the Antarctic ice (Kravchenko et al. 2003). The first receivers were
depolyed in holes drilled in the ice for the AMANDA experiment, and it was
later expanded to additional holes drilled specifically for the RICE experiment.
From data collected between 1999 and 2010, they reported a non-detection of
astrophysical neutrinos; hence, determining an upper limit for the diffuse flux
(Kravchenko et al. 2012).
Another experiment observing neutrino-induced cascades in the Antarctic
ice is the Antarctic Impulsive Transient Antenna (ANITA). The radio antenna
has had two Long Duration Balloon flights; the first, called ANITA-I was done
over 35 days, in 2006-2007 (Gorham et al. 2009). The second flight, ANITA-
II, was done two years later, and improved the diffuse limit by 4 times that of
ANITA-I (Gorham et al. 2010, 2012), shown in Table 1.1 and Fig. 1.16.
The Askaryan method has proven successful for the detection of UHE
neutrinos. The RICE experiment has recently been absorbed into a larger-
scale detector array named the Askaryan Radio Array (ARA), which is ex-
pected to improve the results of RICE by two orders of magnitude by 2017
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(Kravchenko et al. 2012). Furthermore, the experimental efforts of ANITA
and RICE have led to a planned 10-100 kilometre-scale array, using the in-
frastructure of IceCube, named the Askaryan Under-ice Radio Array (AURA)
(Landsman and AURA Collaboration 2007; Landsman et al. 2009).
Finally, the Moon can be used as the target medium for UHE neutrino
events using the radio Cherenkov method (Ekers et al. 2009). Radio telescopes
on Earth may detect radio pulses produced when the neutrino interacts with
the lunar regolith, and the subsequent particle cascades. This concept has
already been investigated – for instance through the LUNASKA (Lunar Ultra-
high energy Neutrino Astrophysics with the SKA) project (James et al. 2011;
Bray et al. 2013). The non-detection of these radio-pulses has recently set
a limit on the neutrino flux, which is expected to be improved when SKA
becomes operational (Bray et al. 2015).
The future for the study of neutrinos through dedicated observatories
is full of promise, a number of larger-scale observatories are underway. The
recent detection of astrophysical neutrinos at energies of order PeV by IceCube
confirms the need for larger observatories to enable the detection of neutrinos
at comparable energies to observed ultra high energy cosmic rays (UHECR).
Neutrinos are not deflected by intervening magnetic fields, unlike charged
cosmic rays, nor are they attenuated by the CMB and EBL (as both CRs
and γ-rays are). Therefore, using neutrinos to diagnose the dense cores of
cosmic accelerators and high-energy environments is advantageous, and is well-
supported by recent detections from IceCube. Furthermore, the expectation
of increased statistics will enable additional constraints on neutrino source
models, and hence narrow down the source class responsible for the highest-
energy particles observed.
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Chapter 2
AGN as Neutrino Sources
Active galactic nuclei (AGN) are a population of compact, dense and very
energetic non-stellar objects, identified by the core emission being comparable
to, or even outshining, the stellar emission of their host galaxies. They are
among the most luminous systems observed in the Universe, thought to be due
to matter accreting onto a central SMBH with typical mass of 107 ´ 109 Md.
Gravitational potential and kinetic energy are converted efficiently to radiative
emission through accretion, and the energy release is in some cases seen as
two oppositely directed, highly collimated relativistic jets, perpendicular to
the accretion disc surrounding the black hole.
Their prominent position as possible cosmic accelerators responsible of
producing ultra-high energy (UHE) neutrinos comes from the immense power
an AGN can generate in the compact central regions. The observation of
UHECRs imply the existence of UHE neutrinos, as hadronic interactions lead
to the production of both high-energy messengers, as discussed in Sec. 1.1.4.
The recent detection of astrophysical neutrinos with PeV-energies
confirm their existence (Aartsen et al. 2013; IceCube Collaboration 2013;
Aartsen et al. 2014b), and even though the source population is yet to be
identified, the events are consistent with an extragalactic origin. As AGN are
persistent over several cosmological epochs they are prime candidates for the
production of these UHE neutrinos. Furthermore, a number of locations in
the AGN system, such as the cores and radio jets are possible confinement
regions for the production of highly energetic particles, as they fulfil the Hillas
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criterion, seen in Sec. 1.2.3.
As AGN are observed with a variety of observed properties, these sources
are particularly interesting in light of high-energy particle production. Mor-
phology, orientation and emissions are seen to vary across different types of
AGN, which implies that conditions within the confinement regions may vary
as well. This requires a classification scheme, which separates observable dif-
ferences of AGN into different types of AGN. For example, some AGN are
observed with jets, others without; some AGN jets are brightest at the tip of
the lobes, at the very edge of their jets (edge-brightened). Others are brightest
in regions of the jets close to the central nucleus (edge-darkened). Energetic re-
gions along the jet features, known as knots, are often observed. The structure
of the jet is therefore crucial, and acceleration processes are highly dependent
on the properties of the accelerating region. Emission observed over various
wavebands is another important observable, as these imply a variation of radia-
tive processes occurring in AGN; from the very central regions of the accretion
disc to the jets.
Sec. 2.1 outlines the classification scheme of AGN, in particular radio-
loud AGN and the radio-loud unification model. Sec. 2.2 describes various
important processes that lead to observable HE emission in AGN systems. In
the event of AGN being the dominant source population of the high-energy
neutrino flux, we require an estimate of the distribution of AGN populations
to study the overall evolution of the neutrino spectrum over cosmic time. AGN
have been surveyed extensively over the entire electromagnetic spectrum, so
we focus on X-ray and γ-ray surveys as these trace the accretion disc emission
and the beamed jet emission, respectively, ensuring a wide selection of AGN
properties. The AGN evolutionary tracks are derived from luminosity function
(LF) models, that give the number of sources as a function of luminosity and
comoving volume. This is described in Secs. 2.3 and 2.4. In Sec. 2.5 the
beaming of blazar emission is discussed.
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2.1 AGN Classification and Unification
As with all astrophysical systems, particularly those at large distances, we
can only rely on observable features to distinguish and classify the various
objects. AGN are no different, and the classification of this diverse population
is based on decades of photonic studies. Since AGN emission is observed at
wavelengths ranging from radio to γ-ray, independent AGN studies in different
wavebands have led to overlapping classification schemes.
Here we use the simple classification commonly applied, based on optical
studies, with further distinctions due to radio power of the AGN system and its
nuclear luminosity (see e.g. Tadhunter 2008). Though the AGN population in
reality proves more complex, the following serves as a reasonable first approach
for the study of physical processes within AGN systems.
From studies in optical wavelengths, three broad types of AGN emerge.
Both broad and narrow emission lines are prominent in the optical spectra of
Type-I AGN, whereas Type-II AGN spectra only show narrow lines. Type-
0 AGN show in some cases weak or no emission lines, however the defining
feature of a Type-0 is the rapid variability at optical wavelengths.
A second broad distinction is that of radio emission which leads to the
radio-loud and radio-quiet AGN classifications. The dividing line between the
two classes is normally defined in terms of the ratio of the radio flux to that
of the optical/ultraviolet (UV) (Kellermann et al. 1989). Radio-quiet AGN
in the optical Type-I and Type-II scheme are known as Seyfert 1 (Sy1) and
Seyfert 2 (Sy2) AGN, respectively. They are preferentially found in spiral and
irregular galaxies. Radio-quiet quasars (RQQ, historically known as QSOs)
show similar spectra to Sy1 AGN, but have a much higher nuclear luminosity
and are often found in ellipticals.
Radio-loud AGN are optically identified as broad-line radio galaxies
(BLRG) or narrow-line radio galaxies (NLRG) as the radio-loud equivalent
to Sy1 and Sy2 AGN. These can be further distinguished based on their ex-
tended radio jet structures, such that the morphology of an edge-darkened
radio-structure is classified as a Fanaroff-Riley I (FR-I) radio galaxy, and a
radio galaxy with edge-brightened radio-structures is known as a FR-II type.
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Type-0 Blazar
BL Lac
OVV (FSRQ)
Type-I
RQQ RLQ
FSRQ
SSRQ
Sy1 BLRG
Type-II Sy2 NLRG
FR-I
FR-II
Radio-quiet Radio-loud
Table 2.1: Optical emission line classification of AGN, see e.g. Urry and Padovani (1995);
Tadhunter (2008). The three types are classified in terms of presence or absence of broad
emission lines, in addition to narrow emission lines in the optical spectra of AGN without
(radio-quiet) or with (radio-loud) prominent radio structures. Type-II radio-loud AGN
(NLRGs) are sub-classified in terms of radio-power as FR-I and FR-II; radio-loud quasars
(RLQ) are further classified in terms of their radio spectra, and Type-0 blazar sub-classes
are classified in terms of optical variability and presence of emission lines. See text for
details.
This is apparent in imaging of radio-structures of the two types, where the
former is brightest in knots (bright regions) along the jet close to the core,
and the jet extends into fading plume structures. The latter is relatively weak
in radio close to the central core, but very bright in regions called hotspots at
the end of the jets, where the jet lobes interact with the intergalactic medium
(see Fig. 2.1, but also e.g. Figs. 1.4 and 1.5 in Peterson 1997). FR-Is show
on average a lower radio-power than FR-IIs, with a defined dividing line in
luminosity between the two of 2 ˆ 1032 erg s´1 Hz´1 sr´1 measured at 178
MHz (for a cosmology with the Hubble constant H0 “ 50 km s´1 Mpc´1,
Fanaroff and Riley 1974; Ghisellini and Celotti 2001).
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Core Jet Hotspot
Fig. 2.1: Schematic illustration of possible neutrino production sites in AGN systems. Top:
FR-I jet (limb-darkened), which is brightest in radio towards the core. Suitable high-energy
production sites are the core and the inner jet. Bottom: FR-II jet (limb-brightened), which
is brightest in radio at the outer lobes, with a bright hotspot at the end.
The more luminous Type-I radio sources are known as radio-loud quasars
(RLQ; historically called quasars), and can be further classified based on their
radio emission spectra. The shape of the radio spectrum defines the steep
spectrum radio quasar (SSRQ) and the flat spectrum radio quasar (FSRQ),
and the morphology of the radio structure determines core dominated or lobe
dominated quasars. It is found that SSRQs are often lobe-dominated radio
structures, whereas FSRQs tend to be core-dominated, and also show high
variability in their optical spectra (as opposed to the less variable SSRQs).
Type-0 AGN of the optical classification scheme are known as blazars.
The blazars are radio-loud sources known for high variability in their optical
spectra. There are two identified members of this class; the BL Lacs that
have weak or no emission lines in their optical spectra, and the optical violent
variables (OVV) which show broad spectral lines. Radio-loud quasars are
predominantly hosted by massive elliptical galaxies (Best 2009, and references
therein).
The optical classification scheme is summarised in Table 2.1. The ability
to classify these (in many cases very distant) sources reflect years spent and
remarkable efforts to learn of the composition of these sources and what phys-
ical processes lie at the foundation of their existence. AGN (quasars/QSOs)
are among the oldest sources detected to date, and the most luminous. A
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consistent picture of AGN structure has emerged from decades of studies at
all wavelengths, illustrated in Figs. 2.2 and 4.1.
The AGN is located at the centre of its host galaxy with an accreting
SMBH at the very centre, hence the active nucleus. The SMBH is surrounded
by an accretion disc and corona, and a region of relatively dense clouds orbit-
ing at high velocities called the broad line region (BLR) at distances less than
0.1 pc from the core. The BLR is the origin of the broad lines observed in the
optical spectra. The width of the emission lines provides information on the
properties of the emitting regions, and in the Doppler broadening interpreta-
tion, the broadness (FWHM „ 103 ´ 104 km s´1) of the emission lines is due
to high velocities in the presence of the gravitational field of the nucleus.
These central components of the AGN (SMBH, accretion disc, corona,
and BLR) are surrounded by an optically thick torus of dense molecular gas
and dust. The central nucleus is too small to be imaged and spatially resolved
by current telescopes, thus the structure and physical processes governing the
nucleus are studied through other means, such as spectroscopy and variability
analyses. At distances up to „ 1 kpc from the nucleus less dense regions of
clouds than that of the BLR, are found (with measured FWHM À 103 km s´1)
called the narrow line region (NLR). Finally, in radio-loud sources a prominent
radio jet (and an oppositely-directed counter jet) is observed whose morphol-
ogy will differ for various radio-loud types.
From the classification of AGN, patterns of physical properties have be-
come clear across the types which highlights the possibility of AGN evolving
from one type to another, e.g. from radio-quiet to radio-loud in the course of
its lifetime, or driven by fundamentally different processes. Furthermore, the
continuous sequence from, for example, Type-I to Type-II AGN have become
evident giving intermediate Seyfert AGN an additional identifier based on the
ratio of the broad to narrow line strengths.
The lack of a static classification has also opened the possibility for AGN
unification models, (e.g. Antonucci 1993; Urry and Padovani 1995; Urry 2004;
Tadhunter 2008). The currently accepted model for radio-loud AGN unifica-
tion, outlined in Urry and Padovani (1995), is based on the inclination angle
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Fig. 2.2: Schematic representation of the structure and unification of radio-loud AGN.
At the centre, the SMBH is surrounded by an accretion disc (orange) and a hot corona
(blue), and the BLR (small green spheres). Around these features is the optically thick
torus that blocks the view of the central regions, thus a Type-II AGN is observed. Further
out (large green spheres) is the NLR, which produces emission lines seen in these AGN. For
a decreasing viewing angle, the BLR region is seen for Type-I radio galaxies, and closer to
the jet axis are quasars, and the blazars when the jet is seen head-on. Left-hand side are
low-power AGN, and the right-hand side shows the high-power AGN unification.
of the jet axis to our line of sight, commonly known as the viewing angle. If
the jet is pointed in our line of sight, i.e. a viewing angle θv “ 0˝, we are
looking at a blazar. At larger viewing angles we see quasars and Type-I AGN,
and at viewing angles approaching 90˝ we observe Type-II radio galaxies. This
concept of AGN unification, illustrated in Fig. 2.2, is based on two support-
ing ideas. First, that of optical depth and geometry of the obscuring torus;
namely, if seen edge-on, the AGN centre and emission from the BLR will be
obscured by the surrounding torus, hence only narrow lines will be seen in the
optical AGN spectrum. At a smaller viewing angles the central regions will
be increasingly more visible, hence the emission from the BLR will be visible
along with the narrow emission lines, and a Type-I AGN will be observed.
At even smaller viewing angles, the beaming of the bulk motion of the
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jet plasma will lead to anisotropic radiation, causing an observable change in
the appearance of the AGN/quasar (Blandford and Ko¨nigl 1979). From these
considerations, SSRQs, being lobe-dominated and lacking variability, and FS-
RQs, which are core-dominated and in some cases highly variable, are seen
at decreasing viewing angles, respectively (Orr and Browne 1982). Whether a
quasar is core- or lobe-dominated is determined as a ratio of the emission from
the core to the emission from the extended radio structures. Furthermore, in
the cases of high variability FSRQ, these are classified as OVVs (Tadhunter
2008) (hence, in this work we will call the blazar constituents BL Lacs and
FSRQs from here on).
The unification of the radiogalaxy types FR-I and FR-II with radio-
loud quasars/blazars are also a part of the generally accepted unification
(Blandford and Rees 1978; Antonucci and Ulvestad 1985; Barthel 1989). Here
the FR-II radio galaxies are seen as the unbeamed counterparts of FSRQs,
whereas luminous FR-I radio galaxies are the possible parent population of
(X-ray selected) BL Lacs. Selection effects show that the parent population
of radio-selected BL Lacs is a mixture of both FR-I and FR-II radio galaxies
(Antonucci 1993).
The unification model for radio-loud AGN sources is shown in Fig. 2.2,
where the central parts of the AGN structure are shown along with the emis-
sion of a (not to scale) radio jet. Depending on the viewing angle and the radio
power of the sources (on the left are low-power sources, FR-I and BL Lacs; on
the right are high-power sources, FR-II and FSRQs), the AGN sources have
essentially the same physical nature.
A unifying sequence for γ-ray bright blazars has also been proposed
(Padovani and Giommi 1995; Fossati et al. 1998; Ghisellini et al. 1998), con-
sisting of BL Lac sources with a low-energy (LBL), intermediate-energy (IBL),
and high-energy (HBL) synchrotron peak. The unification is motivated by
broad-band studies of blazars, where the spectral energy distributions (SEDs,
see Fig. 2.4) highlight observable differences within the BL Lac population,
as well as between BL Lacs and FSRQs.
Properties of sources identified as LBL and FSRQ are in some cases s
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Increasing bolometric luminosity
Decreasing frequency of low-energy
spectral peak
Increasing dominance of the high-energy
over the low-energy spectral peak
HBL ÝÑ IBL ÝÑ LBL ÝÑ FSRQ
HSP ÝÑ ISP ÝÑ LSP
Table 2.2: Continuous blazar sequence. Along the sequence from high-frequency BL Lacs
to FSRQs (or, equally, HSP to LSP), the bolometric (and γ-ray) luminosity increases;
similarly does the dominance of the high-energy to the low-energy peak. The low-energy
peak decreases in frequency along the sequence. See text for details.
to overlap. An extension to the sequence is therefore proposed (Abdo et al.
2010a), assuming that all non-thermally dominated AGN follow a sequence
from high synchrotron peaked blazars (HSP), through intermediate syn-
chrotron peaked blazars (ISP), to low synchrotron peaked blazars (LSP). The
sequence shows the trend of a decreasing synchrotron peak, thus corresponds
to the sequence of HBL, IBL and LBL/FSRQ classes, respectively. FSRQs
may additionally be classified as high-polarisation (HPQ) and low-polarisation
(LPQ) core-dominated flat spectrum quasars.
Furthermore, the trend from high to low energy in the SED shows the shift
of the low-energy peak along the sequence, from low-luminosity high-frequency
BL Lacs (HBL) to high-luminosity low-frequency BL Lacs (LBL) and FSRQs.
The bolometric luminosity increases as the synchrotron peak shifts to lower
energies, and the dominance of the high-energy peak over the low-energy peak
is also shown to increase. The trends of the blazar sequence are summarised
in Table 2.2.
The processes leading to the observed emission in AGN is briefly described
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in the following section. A more detailed description on processes related to
jet emission is found in Ch. 5.
2.2 Emission from AGN
The SED is a useful tool to deduce the strength of emission across the entire
electromagnetic spectrum. A common representation is a logarithmic f ´
fφf plot, where f is the frequency and φf the flux at a given frequency, or
equivalently in terms of luminosity as a function of frequency, f ´ fLf . The
observed AGN emission forms a broadband spectrum ranging from radio to
γ-rays.
The SED has both thermal and non-thermal components, and there is a
clear distinction between blazar (i.e. beamed sources, see Fig. 2.4) and non-
blazar AGN spectra (Fig. 2.3). For blazars, the spectrum is dominated by
beamed emission from non-thermal processes in the jet, whereas unbeamed
sources have a larger thermal component. The thermal emission originates
from the central engine, and is observed over several spectral bands, as the
emission is either direct or reprocessed by various AGN components.
For unbeamed sources, the SED is approximately flat between the far
infra-red (IR) and X-rays, seen in Fig. 2.3. In this region the spectral features
remain similar for AGN over many orders of magnitude in luminosity. Hence
there should exist a scaling relation with luminosity which is strongly tied to
the central engine of the AGN, the SMBH (i.e. the accretion power, see Ch.
5).
Towards radio frequencies there is a decline in flux of about two orders of
magnitude for radio-loud sources, and about three times that for radio-quiet
sources. For a radio-loud AGN, the radio is dominated by the emission of
synchrotron photons as relativistic electrons in the jet travel in a magnetic
field. The radio spectrum can be well approximated by a power-law such that
the flux varies as φf 9 f´αr, where αr is the radio spectral index. The index
is usually flat (αr À 0.5) in the core, and steep (αr Á 0.5) in the outer lobes.
This divides the flat-spectrum from the steep-spectrum quasar sources.
The power-law of the radio spectrum follows the distribution of electrons
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Fig. 2.3: Broadband SED of quasars In the radio the spectrum clearly distinguishes radio-
loud (dashed lines) from radio-quiet (solid lines) AGN. From IR to X-rays, the SED is
approximately flat. Direct emission from the accretion peaks in the UV, and in the X-rays
the inverse Compton emission results in a flat power-law (see text). Figure taken from
http://hea-www.harvard.edu/~elvis/, see also Elvis et al. (1994).
producing the synchrotron radiation (see Sec. 5.3). The electron energy distri-
bution is assumed as a power-law with the particle energy index ρ, such that
NpEeq 9 E´ρe , and the particle index is related to the spectral index through
αr “ pρ´ 1q{2. For blazars, the radio emission is highly beamed, so for these
sources a rather different SED is observed, seen in Fig. 2.4.
The SED peaks in the IR band due to reprocessed emission from the
accretion disc in the dusty torus. A local minimum in the near IR (at about
1 eV) is followed by direct thermal emission from the accretion disc emission
in the optical/UV. It peaks in the UV, in what is known as the big blue bump.
Absorption in the interstellar medium leaves the region between the ex-
treme UV and soft X-rays unobservable. In the X-ray band, the emission can
be approximated by a flat power-law which is the result of inverse Compton
scattering of the disc photons with electrons in the corona surrounding the
accretion disc. In the soft X-rays there is an observed excess emission in addi-
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tion to the power-law. Its origin is debated, but may be the high energy tail of
the big blue bump peaking in the extreme UV, or Comptonisation of the disc
photons by a corona surrounding the inner disc. This inner corona is believed
to be optically thick, whereas the X-ray power-law emission originates from
an optically thinner corona further out (see e.g. Mehdipour et al. 2011, and
references therein for a detailed discussion on the soft X-ray excess).
For radio-quiet sources, there is also an apparent hump above 10 keV due
to the Compton reflection from cold material, and associated fluorescence Fe
Kα emission lines, the strongest at „ 6 keV. For radio-loud sources, these
lines are weaker and there is no reflection hump. Unbeamed AGN, i.e. not
blazars, are not strong emitters in the γ-ray.
The SEDs of blazars reflect variations in the dominance of the radiative
processes within the sources classified as high-frequency (HBL), intermediate-
frequency (IBL), and low-frequency (LBL) BL Lacs, followed by FSRQs, and
are shown in Fig. 2.4. The blazar SEDs are dominated by beamed emission,
and so the decline towards the radio band is not seen and the radio spectrum
rather smoothly joins the IR part. This reflects a non-thermal continuum
which dominates over the thermal continuum seen in non-beamed sources.
The SED is dominated by two large peaks, one at high energies in the γ-ray
band and one at lower energies. The low-energy peak is found between IR and
soft X-rays, and the location follows the blazar sequence outlined in Sec. 2.1.
For HBLs the low-energy peak lies in the UV/soft X-rays, whereas for LBLs
and FSRQ the peak is found in the IR/optical part of the spectrum. The shape
of the peak is consistent with synchrotron emission from relativistic electrons
in the jet, and reflects the particle acceleration potential in the jets. As the
electrons interact with the jet magnetic field, non-thermal radiation is emitted
as synchrotron emission. The peak therefore indicates the maximum energy
attainable in the jet. The correlation between the synchrotron luminosity and
total jet power is studied in e.g. Cavagnolo et al. (2010).
The origin of the high-energy peak is still under debate. Fitting the ob-
served peak with a leptonic model of inverse Compton scattering of the elec-
trons with ambient photon fields will fit some blazars – although far from all.
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Fig. 2.4: SED of blazars shows the trend along the sequence: with decreasing synchrotron
peak, the bolometric luminosity increases, as does the dominance of the γ-ray peak over the
synchrotron peak (see text). Figure taken from Donato et al. (2001), see also Fossati et al.
(1998). The blazar sequence classes are shown for clarity.
Thus, hadronic models are proposed, where relativistic protons in the jet will
interact with the same photon fields producing observable γ-rays. As the γ-
ray luminosity traces the bolometric jet luminosity, the peak at these energies
therefore reflects the jet power.
Related decays in the hadronic interactions also lead to a comparable
flux of neutrinos. With the discovery of astrophysical neutrinos in IceCube, a
further study into the link between neutrino production and AGN is therefore
warranted. Another output from these interactions will be cosmic ray protons,
which are also extensively studied.
A more detailed discussion on the leptonic and hadronic emission models
is found in Ch. 5.
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2.3 Space Density and Evolution: X-ray Detected AGN
In this section we discuss the evolution of X-ray detected radio-loud
AGN/quasar population over cosmic time. We make a first distinction be-
tween radio-loud and -quiet AGN based on a fractional estimate of these two
populations by Urry and Padovani (1995), such that radio-loud AGN account
for about 10% of all AGN. This is the fraction given for radio-selected AGN
and we use this as a conservative measure of the radio-loud population. We
follow the distinctions of various AGN populations as outlined in Sec. 2.1.
We focus on observational studies of AGN in the X-ray band, as X-ray
emission from a compact source is a clear indicator of an AGN observation.
This is because it points to the accretion onto a powerful SMBH at the AGN
centre, thus an X-ray survey of the AGN population provides a near complete
data set without need for complementary observations in other wavebands. All
X-ray luminous objects with an observed luminosity above logpLXrerg s´1sq “
42 measured in the hard X-ray band are safely considered AGN (Mushotzky
2004) and so this will act as a guiding lower luminosity limit. The upper
luminosity limit is taken as logpLXrerg s´1sq “ 47 – the Eddington luminosity
of an AGN with a 9Md SMBH (see Table 5.1).
Furthermore, as the cosmic X-ray background (CXRB) is largely due to
AGN emission (e.g. Fabian and Barcons 1992; Barger 2005) it traces the his-
tory of accretion onto SMBHs, and surveys working in different X-ray bands
will select observationally different AGN populations. The soft X-ray band
(À 1 keV) selects unobscured Type-I AGN. In hard X-rays (À 10 keV) ob-
scured Type-II AGN are preferentially detected. The very high X-ray band
(Á 15 keV) will select beamed AGN sources with emission from FSRQs ac-
counting for the entire CXRB above 500 keV (Ueda et al. 2003; Hasinger et al.
2005; Ajello et al. 2009).
We also consider γ-ray surveys that detect blazar sources. Combined with
lower-energy surveys, the space density variations along the blazar sequence
are identified.
Due to these selection effects, we ensure a wide spread of different AGN
types by concentrating on three published surveys: the soft X-ray band (0.5´
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2 keV) study by Hasinger et al. (2005), the hard X-ray band (2 ´ 8 keV)
study of Silverman et al. (2008), and the very hard (15 ´ 55 keV) study by
Ajello et al. (2009), thus obtaining a population of unobscured in the soft,
both obscured and unobscured AGN in the hard band, and blazars in the very
high X-ray band. The source data of blazars is additionally explored by the
γ-ray surveys giving a population of FSRQs (Ajello et al. 2012) and BL Lacs
and its sub-classes in Ajello et al. (2014).
2.3.1 The X-ray Luminosity Function
A common representation of the number density of a population is the lu-
minosity function (LF). The differential X-ray LF (XLF) is a measure of the
number of objects in a given population, N , per unit co-moving volume, Vc,
and unit X-ray log-luminosity logLX, as a function of LX, in units of erg s
´1,
and redshift z (Ueda et al. 2003),
dΨpLX, zq
d logLX
“ d
2NpLX, zq
dVc d logLX
. (2.1)
It is common to express this definition in terms of luminosities as a base-
10 logarithm (we use log to refer to base-10 logarithm, and ln to refer to
the natural logarithm), due to the many orders of magnitude covered (e.g.
Ueda et al. 2003; Hasinger et al. 2005; Silverman et al. 2008). However, not
all XLF prescriptions do this (e.g. Ajello et al. 2009), so it is useful to note
the conversion between the two forms,
dΨpLX, z “ 0q
d logLX
“ lnp10qLXdΨpLX, z “ 0q
dLX
. (2.2)
The local XLF (i.e. evaluated at z “ 0) can be expressed as a simple
power law (Ajello et al. 2009),
dΨpLX, z “ 0q
d logLX
“ A0 lnp10q
ˆ
LX
L˚
˙1´Υ˜2
; (2.3)
however, observationally there is a break, and with a high enough source count,
this break can be seen and a double power law (e.g. Ueda et al. 2003) can be
fitted to the observational data. The faint and bright end slopes are dictated
by the indices Υ1 and Υ2, respectively, for luminosities below and above the
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break luminosity L˚ (Ueda et al. 2003), such that
dΨpLX, z “ 0q
d logLX
“ A0
«ˆ
LX
L˚
˙Υ1
`
ˆ
LX
L˚
˙Υ2ﬀ´1
. (2.4)
The normalisation A0 is determined using maximum likelihood routines, and
the other parameters are model dependent (Ueda et al. 2003; Hasinger et al.
2005; Silverman et al. 2008; Ajello et al. 2009).
The evolution of the XLF depends on the chosen model which best fits the
observations. The most basic expressions are the pure luminosity evolution
(PLE) and pure density evolution (PDE) models, and do not to represent
observational data well in their simplest form.
As the name suggests, the PLE model evolves the observed luminosi-
ties with a redshift-dependent evolution function eLpzq. Similarly, the PDE
model evolves the present day XLF (that is, the local number density of the
population) by a redshift-dependent evolution function eDpzq. The evolving
luminosity function is then
dΨpLX, zq
d logLX
“
$’’’&
’’’%
dΨrLX{eLpzq, z “ 0s
d logLX
pPLEq
dΨpLX, z “ 0q
d logLX
eDpzq pPDEq
(2.5)
The form of the evolution of the PLE model can be chosen as given in
Ajello et al. (2009),
eLpzq “ p1` zqυ1`υ2z , (2.6)
for which the indices υ1 and υ2 determine the behaviour of the evolution with
respect to redshift. For a simple PLE, υ2 “ 0, and the evolution factor is
reduced to a standard power law. To fit observations, however, the modified
PLE (MPLE) model requires an extra dependency on redshift.
The PDE model is commonly evolved by a general form, which is also in
some cases applied to the PLE model (e.g. Ueda et al. 2003; Hasinger et al.
2005). Here the indices υ1 and υ2 determine the evolution before and after a
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redshift break z˚, and
eDpLXq “
$’’&
’’%
p1` zqυ1 rz ď z˚s
r1` z˚pLXqs
„
1` z
1` z˚pLXq
υ2
rz ą z˚s
. (2.7)
There are however difficulties when adopting these simple models to de-
scribe the evolving luminosity function. The PLE model is found to underes-
timate the data of low luminosities (logLX ă 45) and redshifts z “ 0.8 ´ 1.6
(Ueda et al. 2003; Hasinger et al. 2005), whereas the PDE model tends to un-
derestimate the data at high luminosities (logLX ě 44.5) and redshifts z “
1.6´ 3.0 (Ueda et al. 2003). In order to find an acceptable description for the
evolving luminosity function over the whole redshift-luminosity region, modi-
fied versions of these models have been suggested (see e.g. Aird et al. 2010). In
the luminosity dependent density evolution (LDDE) model (Ueda et al. 2003)
the evolution factor is a function of both the X-ray luminosity and redshift,
giving the evolving XLF as
dΨpLX, zq
d logLX
“ dΨpLX, z “ 0q
d logLX
eLDpLX, zq pLDDEq . (2.8)
The evolution factor is given by
eLDpLX, zq “
$’’’&
’’’%
p1` zqυ1 rz ď z˚pLXqs
r1` z˚pLXqs
„
1` z
1` z˚pLXq
υ2
rz ą z˚pLXqs
, (2.9)
where the break redshift is determined by a luminosity dependent character-
istic redshift cut-off, zc,
z˚pLXq “
$’’&
’’%
zc
ˆ
LX
Lc
˙α
rLX ď Lcs
zc rLX ą Lcs
. (2.10)
These are all model dependent parameters.
An added dependency on luminosity can be introduced on the evolution
indices υ1 and υ2 for a better fit with observation (e.g. Hasinger et al. 2005):
υ1pLXq “ υ1,c ` β1plogLX ´ logLcq
υ2pLXq “ υ2,c ` β2plogLX ´ logLcq
. (2.11)
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2.3.2 AGN X-ray Surveys
We consider surveys that cover different X-ray bands, selecting AGN popula-
tions with slightly different observed properties. The observed properties are
associated with the different AGN populations through the unification model
based on viewing angles; in the soft X-ray band we see unobscured Type-I
AGN (Hasinger et al. 2005); and the hard X-ray band selects a mix of both
obscured Type-II and unobscured Type-I AGN (Silverman et al. 2008). At
the very hardest X-rays beamed AGN/quasar populations (Ajello et al. 2009)
are observed.
Modelling the evolution of the variety of sampled AGN allows us to study
the differences in their evolutionary history, and will therefore also provide a
means to discriminate between populations in regards to HE emissions based
on the AGN properties and evolution, and specifically the HE neutrino pro-
duction of AGN as a class of objects, and within each AGN population. The
three surveys provide the relevant XLF model prescriptions needed to calcu-
late the AGN population densities, with model parameters determined using
maximum likelihood routines.
Completeness of the survey is ensured through a well-defined description
of how the flux limit varies across the area of the sky (sky coverage), and
an optical and redshift identification of the sources in the survey. Complete
samples are reported in two of the surveys (Hasinger et al. 2005; Ajello et al.
2009), whereas the incompleteness of the third is corrected for as a function
of both optical magnitude and X-ray flux (Silverman et al. 2008). This is due
to the two former surveys selecting unobscured AGN/quasar sources and the
latter containing a large contribution from obscured AGN, which (particularly
at high redshifts) is difficult to resolve.
Two methods are commonly used to test the evolution of the AGN popu-
lations. The logN´ log Φ analysis evaluates the number of detected sources as
a function of the source flux Φ, given by Npą Φq “ AΦ´ς . For a non-evolving
population the Euclidean distribution is described by ς “ 3{2. This is from
a simple argument that the flux Φ 9 d´2, the number of sources is propor-
tional to the volume enclosed by the distance to the source, i.e. N 9 d3, and
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dN{dΦ 9 Φ´5{2. Non-evolving sources above a flux limit Φ is Npą Φq 9 Φ´3{2,
and a deviation from this slope is interpreted as a non-uniform distribution
of sources. A positively evolving population will have an index ς ą 3{2. This
method is sensitive to the survey completeness, and as it assumes a uniform
source population, it may not be as useful for surveys covering large redshifts.
The second test of evolutionary trends is the V {Vmax test (Schmidt 1968)
which takes into account the evolution of the LF over cosmic time. This
method tests the ratio between the co-moving volume enclosed by a detected
object of a given flux Φ and the maximum volume Vmax for which the detection
could happen given the detector sensitivities. The V {Vmax distribution is ex-
pected to be uniform, and for a non-evolving population the V {Vmax ratio will
be 0.5. A positively evolving population will have a ratio 0.5 ă V {Vmax ă 1,
whereas a negative evolution will show an excess in values between 0 and 0.5.
This implies that at higher redshifts, the negatively evolving population was
less dense or numerous. A generalised version of this method was developed
by Avni and Bahcall (1980).
The three surveys we consider use a cosmological prescription of ΩΛ “ 0.7
with a Hubble constant of H0 “ 70 km s´1 Mpc´1. Each survey is briefly
described below.
The (0.5-2 keV) X-ray Survey by Hasinger et al. (2005) have selected 994
unobscured Type-I AGN in the soft X-ray band (0.5-2 keV), using eight inde-
pendent samples from the ROSAT , XMM-Newton and Chandra surveys. Out
of a total 2566 soft X-ray sources, only 86 were unidentified, which gives a
completeness of 97%. The Type-I AGN population dominates in soft X-ray
surveys, and the selection of the sample was based on optical and X-ray clas-
sification methods. They derive a global evolving soft XLF using the Vmax
method.
Hasinger et al. (2005) find that the space density of Type-I AGN with
luminosities logLX ą 45 decline significantly towards high redshift, with a
cutoff redshift of z « 2. Low-luminosity AGN (43 ă logLX ă 44) are found to
peak at z „ 1, and for the lowest luminosity sampled AGN (42 ă logLX ă 43)
the peak is found between redshifts 0.5 ă z ă 0.7. The clear change of
2.3. Space Density and Evolution: X-ray Detected AGN 80
shape of the XLF as a function of redshift thus shows a luminosity dependent
density evolution for Type-I AGN/quasars.
The survey data is fit to PLE and LDDE models (Sec. 2.3.1). The former
fails to trace the behaviour of low-luminosity (logLX ă 44) sources, and in the
intermediate redshift (0.5 ă z ă 1.8) regime. The latter deviates from data
at lower luminosity bins (42 ă logLX ă 43) at redshifts 0.015 ă z ă 0.2.
The (2-8 keV) X-ray Survey by Silverman et al. (2008) have measured the
hard XLF of AGN from a sample of 682 AGN using the Chandra multi-
wavelength project (ChaMP) to select luminous AGN (logLX ą 44), and
the Chandra Deep Fields to provide low-luminosity data. They make no dis-
tinction of the various AGN sources sampled, that is, if they are Type-I or
Type-II AGN. They report adequate completeness (ą 50%) and in their anal-
ysis compensate for this with a correction factor.
They measure the XLF up to a redshift of „ 5 and find that 31 of the AGN
sources are of redshifts z ą 3. Above this redshift they observe a significant
decline in numbers, similar to the evolution of the luminous QSOs. Whereas
the lowest luminosity objects (logLX ă 43.5) are too scarcely sampled to
determine the evolution, they do find the most luminous AGN (logLX ą 44.5)
peak around redshifts of z „ 2. Lower luminosity AGN (43.5 ă logLX ă 44.5)
are abundant at around a redshift of z „ 1. This agrees well with previous
studies, where more luminous AGN were more prevalent at earlier epochs and
the peak activity of less luminous AGN is found at later times. They fit the
data with both PLE, MPLE and LDDE models (see Sec. 2.3.1) and find that
the PLE model represents data at low redshifts well, but it may overestimate
low-luminosity AGN at higher redshifts. The best-fit LDDE model fits the
data overall, and also agrees with previous work.
The (15-55 keV) X-ray Survey by Ajello et al. (2009) includes a sample of X-
ray selected blazars above 15 keV using the Swift/BAT survey, with 38 blazars
in total in a redshift range of 0.03 ă z ă 4.0. Of these 38, 26 are classified
as FSRQs and 12 as BL Lacs. Furthermore, of the BL Lacs, 9 are of HBL
type, and the rest are classified as LBL types. With less than 5% unidentified
sources in the total sample, they consider incompleteness negligible in their
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blazar catalogue.
The brightest blazars (logLX ą 47.3) evolve strongly up to a redshift peak
at z « 4.3 which is driven by the FSRQ population, being the only sources
detected at high redshifts by Swift/BAT. Their results thus support the idea
that luminous blazars formed very early in the Universe, followed by a rapid
decrease in number density. Lower luminosity blazars are too scarce for their
evolution to be determined. BL Lacs are found to have negligible evolution,
however with a scarce sample over a small range of redshifts 0.01 ă z ă 1.0
only a simple PLE model can be fitted to this sample. The evolution of the
larger FSRQ and total blazar samples are best fit with an MPLE model (see
Sec. 2.3.1).
2.4 Space Density and Evolution: γ-ray Detected AGN
We also consider the evolution of the blazar population using γ-ray surveys.
These surveys detect beamed γ-ray emission from blazars, and combined with
surveys covering other wavebands the broadband SEDs can be constructed.
Through these studies the concept of the blazar sequence has emerged, which
allows for a variation across the blazar population to be quantified. This is
described in Sec. 2.1, and summarised in Table 2.2.
The γ-ray surveys have probed the extragalactic γ-ray background (EGB),
and thus attempt to resolve the diffuse emission which is thought to be pop-
ulated by AGN and blazars because the isotropic γ-ray signal would imply
an extragalactic origin. Estimates of the contribution from blazar/quasar
sources vary from 20%´ 100% (Abdo et al. 2010b). The γ-ray emission from
blazar and quasar sources is often modelled through the Inverse Compton
emission processes in the jets, or alternatively through neutral pions decaying
as π0 Ñ γγ. Hence, these surveys are useful in determining the leptonic or
hadronic content of AGN jets.
2.4.1 The γ-ray Luminosity Function
The γ-ray luminosity function (γLF) represents the number density distri-
bution as a function of γ-ray luminosity Lγ and comoving volume Vc. The
latter is measured through determining the source redshifts. The functional
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form follows the XLF outlined in Sec. 2.3.1, and the γLF can be scaled us-
ing the XLF LDDE model (Eqns. 2.8-2.11). This approach has been used to
explore the blazar contribution to the EGB, taking into account the blazar
sequence (Inoue and Totani 2009; Inoue et al. 2010; Abazajian et al. 2011;
Harding and Abazajian 2012; Murase et al. 2014). The γLF is found by scal-
ing the XLF by a parameter representing the fraction of X-ray detected AGN
observed as blazars (Inoue and Totani 2009).
Another approach is the modelling of the blazar density evolution with an
added dependency on the intrinsic photon index, ρ (Ajello et al. 2012, 2014).
The differential representation of the blazar space density is a function of the
luminosity Lγ, redshift z, and photon index ρ,
dΨpLγ, z, ρq
d logLγ
“ d
3NpLγ , z, ρq
dLγ dVc dρ
. (2.12)
The photon index distribution is modelled as a Gaussian, so that
dΨpLγ , z “ 0, ρq
d logLγ
9 e´pρ´µq2{2σ2 , (2.13)
where σ and µ are the Gaussian dispersion and mean, respectively. An added
dependency on luminosity can be introduced for the mean index (Ajello et al.
2014), with the characteristic index µc and luminosity Lc,
µpLγq “ µc ` βµplogLγ ´ logLcq . (2.14)
The local γLF is modelled with a double power-law form (cf. the XLF
form in Eqn. 2.4) multiplied by the luminosity-dependent photon index dis-
tribution,
dΨpLγ, z “ 0, ρq
dLγ
“ A0
lnp10qLγ
«ˆ
Lγ
L˚
˙Υ1
`
ˆ
Lγ
L˚
˙Υ2ﬀ´1
ˆ dNpρ, Lγq
dρ
. (2.15)
If the photon index distribution is independent of luminosity, that factor falls
out of the above equation. The form of the evolution factor depends on the
luminosity function model used, i.e. a pure luminosity evolution (PLE) and
pure density evolution (PDE) takes the form
epzq “ p1` zqυ1pLγ qez{υ2 (2.16)
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And the luminosity dependent density evolution (LDDE) is given by
eLDpLγ , zq “
«ˆ p1` zq
1` z˚pLγq
˙υ1pLγ q
`
ˆ p1` zq
1` z˚pLγq
˙υ2ﬀ´1
, (2.17)
with
υ1pLγq “ υ1,c ` βυplogLγ ´ logLcq (2.18)
and
z˚pLγq “ zc
ˆ
Lγ
Lc
˙α
. (2.19)
Whereas the PLE/PDE evolution factor is one at redshift z “ 0, this is not
the case for the LDDE model. The γLF parameterisation for each model is
then
dΨpLγ, z, ρq
dLγ
“
$’’’’’’’’’&
’’’’’’’’’%
dΨpLγ{epzq, ρq
dLγ
PLE
dΨpLγ, z “ 0, ρq
dLγ
epzq PDE
dΨpLγ, z “ 0, ρq
dLγ
eLDpLγ , zq LDDE .
(2.20)
2.4.2 AGN γ-ray Surveys
The Fermi γ-ray Space Telescope has, since 2011, carried out an all-sky survey
with its imaging instrument, the Large Area Telescope (LAT). It has collected
the largest data set of γ-ray selected blazars to date, and we focus on two
surveys using this data to sample FSRQs (Ajello et al. 2012) and BL Lacs
(Ajello et al. 2014). Both surveys use the concordance cosmology with H0 “
71 km s´1 Mpc´1 and ΩΛ “ 0.73.
The Fermi FSRQ survey subset contains 186 sources, from a full sam-
ple of 433 sources of various classifications, including pulsars and starburst
galaxies in addition to other radio galaxies (Ajello et al. 2012). Incomplete-
ness is limited by imposing a lower flux limit of approximately 10´8 photons
cm´2 s´1, corresponding to the faintest FSRQ, thus obtaining a sample of only
7% unassociated sources. FSRQs evolve positively, with the brightest quasars
peaking in number density at a redshift of z „ 2. In agreement with trends
of the evolution of X-ray selected AGN found in e.g. Ueda et al. (2003), the
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faint sources peak later, which for γ-ray selected blazars is located at z „ 0.6.
Similarly, the low-luminosity sources are more numerous at later times. Com-
bined with data from Swift/BAT, a luminosity-independent LF is derived,
best fitted to an LDDE model (see Sec. 2.4.1), and the contribution to the
γ-ray background is predicted at « 9.3%.
The Fermi BL Lac survey subset contains 211 sources, from a full
sample of 486 sources of various classifications, including pulsars and starburst
galaxies in addition to other radio galaxies (Ajello et al. 2014). Though they
report an incompleteness of 9% in the BL Lac sample, they find it does not
affect the analysis. The majority of the BL Lac population evolves positively,
peaking at a redshift z « 1.2. With estimates along the blazar sequence, they
find that the high-synchrotron peaked (HSP, analogous of the HBL BL Lacs)
class diverge from this trend with a negative evolution, increasing for redshifts
z À 0.5. Though the LDDE model of the γLF is found to fit the data best,
the PLE model also fit adequately (see Sec. 2.4.1).
2.5 Beaming effects on the blazar population
Emission from relativistic jets emitted from the cores of radio-loud AGN is
heavily affected by Doppler beaming and strong relativistic aberration. This
will affect the observed luminosity function of these populations. Specifically,
the observed luminosity will be considerably brighter for sources displaying a
jet in our line of sight, as is the case with blazars. The observed luminosity L
for a relativistic jet relates to the emitted luminosity L by
L “ δ̺L , (2.21)
where δ “ rΓp1´β cospθvqqs´1 is the jet Doppler factor, βc is the bulk velocity
of the jet. The bulk Lorentz factor is Γ “ r1´ β2s´1{2, and the viewing angle
is θv “ 1{Γ. The exponent ̺ gives the enhancement of the luminosity. For
a blazar type, for which only one jet is seen, the spectral index is given by
̺ “ 3` α, where α is the spectral index. This exponent is due to aberration,
whereby the emission is beamed forward due to the relativistic motions of
the jet; contraction of the time interval, meaning more photons per unit time
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Beaming of X-ray detected blazars
AGN population Blazar (total) FSRQ BL Lac
ρX 2.0 1.6 2.5
αX 1.0 0.6 1.5
δ̺ 1.006 ˆ 104 4.005 ˆ 103 3.186 ˆ 104
Lower Bound:
logLX 40.0 40.0 40.0
logLX 44.0 43.6 44.5
Upper Bound:
logLX 44.5 44.9 44.0
logLX 48.5 48.5 48.5
Table 2.3: Values used for the conversion between beamed (LX) and intrinsic (LX) lumi-
nosities, for the total blazar sample, as well as the sub-types FSRQs and BL Lacs. X-ray
luminosities are given in erg s´1. The spectral index, α for each population is taken from
Ajello et al. (2009), and the conversion factor δ̺ is calculated using a bulk jet Lorentz factor
Γ “ 10.0, and the power ̺ “ 3` αX.
are observed; and the blueshifting of photons, as there are a factor δα more
photons at the observed frequency than at the emitted frequency.
The observed and intrinsic luminosity functions (LF) of AGN have similar
slopes at high luminosities. However, the observed LF flattens towards lower
luminosities because it is sensitive to the lower cutoff and steepness of the
Lorentz factor distribution. This effect is most apparent when using PLE
models (see Sec. 2.3.1 and 3.7).
In Ch. 3 we derive the numbers based on the intrinsic luminosity, as this
additional check allows us to exclude beamed objects that are intrinsically
below an assumed threshold for AGN brightness. We here make a simplified
assumption that all blazar objects derived from the XLF are beamed (though
in reality this may not be the case). A common assumption is that anything
brighter than LX “ 1042 erg s´1 can safely be assumed to be AGN. However,
as blazar sources are highly beamed, we have set that lower boundary of the
intrinsic luminosity to LX “ 1040 erg s´1 for these sources. This would exclude
distant beamed objects with intrinsically lower luminosity, but that may be
beamed to AGN-like luminosities, e.g. X-ray binaries.
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We assume the same lower luminosity for γ-ray bright blazars if the
beaming power ̺ « 3 fo BL Lacs or « 4 for FSRQs, but a lower limit of
Lγ “ 1039 erg s´1 if the beaming power ̺ « 4 for BL Lacs, and « 5 for FSRQs
following Ajello et al. (2012) and Ajello et al. (2014).
For X-ray detected blazars, we assume the spectral index (αX) from photon
index (ρX) data given in Ajello et al. (2009) (see their Fig. 2) and derive the
bounds on the observed beamed luminosity, summarised in Table 2.3. The
jet Doppler factor, δ » 10.0167 is calculated with an assumed Lorentz factor
Γ “ 10.0 and viewing angle θv “ 0.1 radians.
For γ-ray detected blazars, we assume the spectral indices (αγ) from the
photon index (ργ) data in Ajello et al. (2012) and Ajello et al. (2014), and
use the beaming relation in Eqn. 2.21. The lower γ-ray luminosity limits are
summarised in Table 2.4. The Doppler factor is determined with the bulk
Lorentz factor Γ “ 10.0 and viewing angle θv “ 0.1 radians. We note that
BL Lacs may have lower Lorentz factors (Ajello et al. 2014), although for
simplicity we assume one value for all sources.
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Beaming of γ-ray detected blazars
blazar population FSRQ BL Lac HSP HSP/ISP ISP/LSP LSP
ρaγ 2.44 2.10 1.97 2.26 2.32 2.0
[min] [max] [min] [max] [min] [max] [min] [max] [min] [max] [min] [max]
logLγ 44.5 49.5 44.0 49.0 44.0 49.0 44.0 49.0 44.5 49.0 44.5 49.0
ργpLγq – 1.97 2.29 1.88 2.10 1.94 2.22 2.30 2.18 2.37 2.22
αγ 1.44 0.97 1.29 0.88 1.10 0.94 1.22 1.30 1.18 1.37 1.22
̺ 4.44 3.97 4.29 3.88 4.10 3.94 4.22 4.30 4.18 4.37 4.22
logLγ 40.6 45.1 40.0 44.7 40.0 44.9 40.1 44.8 40.2 44.8 40.1 44.8
Table 2.4: Values used for the conversion between beamed (Lγ) and intrinsic (Lγ) luminosities, for the FSRQ sample and the total BL Lac population,
as well as the SED-classes HSP, combined HSP and ISP, combined ISP and LSP, and the LSP class. γ-ray luminosities are given in erg s´1. The spectral
index, α for each population is taken from Ajello et al. (2012) and Ajello et al. (2014) a) For BL Lacs and the SED blazar classes, the photon index quoted
here is the characteristic photon index, ρ˚ in Eqn. 2.14. b) the beaming factor δ
̺, in units of 104 is calculated using a bulk jet Lorentz factor Γ “ 10.0,
and the power ̺ “ 3` αγ .
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Chapter 3
AGN Luminosity Function and
Population Calculations
The evolution of the massive black holes is tightly linked to the large-scale
structure evolution in the Universe. AGN, with their super-massive black holes
at their centre, can influence galactic dynamics and evolution through feedback
of material triggering star formation, or conversely quenching of star formation
as the AGN outflows drive off the interstellar medium of their host galaxies
(see e.g. Silk and Rees 1998; Page et al. 2012). Determining the details of
the AGN properties driving these processes will provide constrains on the
evolution of the constituents in the Universe. Observable neutrino emission
will furthermore give clear indications of the relative peak activity of sources
emitting thermal and non-thermal radiation.
In the following we derive the AGN population evolution for a variety of
classes using X-ray (Sec. 3.1) and γ-ray (Sec. 3.4) surveys that were described
in Ch. 2.
3.1 AGN Populations Derived from X-ray Surveys
The general trend of the evolving X-ray detected AGN population is, that the
activity of the brightest AGN peaked at a very early cosmological epoch of the
history of the Universe, followed by a rapid decline for luminous blazars. The
lower luminosity AGN peak at a more local epoch. The surveys (described in
Ch. 2) find that the AGN source evolution depends on both luminosity and
redshift. The X-ray luminosity function (XLF) models commonly used are
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therefore modified versions of the simple pure luminosity evolution model, or
the more complex luminosity dependent density evolution (LDDE) model. The
surveys are limited by redshift due to observational constraints and sensitive
to luminosity. In the following we derive the evolution of AGN populations
over several cosmological epochs, and therefore extrapolate the XLF behaviour
at low redshifts to higher redshifts. We thus assume the local behaviour is
indicative of that at the very early epochs.
We obtain the evolutionary tracks and population sizes of X-ray detected
AGN in the Universe through two methods. First, we extract the data from
the postscript source code of the soft X-ray (Hasinger et al. 2005), hard X-
ray (Silverman et al. 2008), and very hard X-ray (Ajello et al. 2009) surveys.
We interpolate the data, which provides us with a preliminary representation
of the AGN evolution throughout the history of the Universe. We then use
the best-fit XLF prescription of the observational data given in the surveys
to calculate the evolutionary trends ourselves. We also calculate the X-ray
luminosity distributions of AGN at various cosmological epochs.
3.1.1 AGN Population Derivations: Interpolation.
From Hasinger et al. (2005) we obtain a sample of luminous Type I AGN
selected in the soft (0.5´ 2 keV) X-ray band. Silverman et al. (2008) provide
data for luminous hard X-ray AGN (2´8 keV) (i.e. both Type I and type-II).
In the very hard X-ray band (15 ´ 55 keV) the survey of Ajello et al. (2009)
provides data on number densities of blazars.
By accessing the postscript files of the relevant plots from those publica-
tions, the coordinate points of redshift and number density, rz, npzqs of the
objects in these surveys are extracted. The number density plots are repro-
duced in the original luminosity bins to ensure accuracy. The data are grouped
into redshift intervals of size ∆z “ 0.2 and interpolated to fit all intervals us-
ing a spline method. To cover the full redshift range (0 ă z ă 9), following
the redshift range plotted in Ajello et al. (2009), endpoints have been linearly
extrapolated. The number densities of the AGN populations are then found
within each redshift bin.
In Figs. 3.1, 3.2 and 3.3 we show the reproduced number density plots for
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Fig. 3.1: Number density evolution of Type-I AGN, compare Fig (5a) in Hasinger et al.
(2005). The plot shows the extracted soft X-ray AGN evolution data points and errors,
with our calculated evolution by interpolation (dotted lines) using the extracted data points.
Each curve and associated data points represent the number density for sources of varying
X-ray luminosities. The short dashed lines are the extracted LDDE model tracks. The solid
lines show the calculated number densities from the best-fit XLF, calculated in terms of
logLX, discussed in Sec. 3.1.2. The long dashed lines are the counterpart calculations in
the LX formulation of the XLF to show agreement.
the three AGN surveys, where the data points and errors are extracted from
the relevant publications. The dotted lines are the extrapolated evolutionary
tracks, calculated from the extracted data points.
Fig. 3.1 shows the extracted data points from the original plot in
Hasinger et al. (2005), including the error bars. These points cover a red-
shift range of 0 ă z ă 4.8. The dotted lines show the interpolated number
density evolutions for AGN in five different luminosity bins. The density evo-
lution of the brightest sources is modified from the linear extrapolation at the
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Fig. 3.2: Number density evolution of Type-I and Type-II AGN, compare Fig (13) in
Silverman et al. (2008). The plot shows the extracted hard X-ray AGN evolution data points
and errors, overplotted with our calculated tracks by extrapolation using the extracted data
points (dotted lines). The solid lines show the calculated XLF in logLX, and the dashed
lines are the counterpart calculations in LX formulation of the XLF to show the agreement
(see Sec. 3.1.2).
last datapoint, to follow the downward trend of the evolutionary tracks for
luminosity class 45 ă logLX ă 46. This is because a linear extrapolation
would give an unphysical increasing evolution towards higher redshifts.
Fig. 3.2 shows the data points and error bars extracted from the original
plot in Silverman et al. (2008). The data covers a redshift range of 0 ă z ă 5.
The data gives the density evolution in three luminosity bins, however only the
two brightest bins cover the full redshift range. The evolution of the faintest
AGN is only given by two data points, and an evolution can therefore not be
determined by interpolation. However, we have calculated the evolution by
interpolation for the two bright luminosity bins, and extrapolated out to a
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Fig. 3.3: Number density evolution of blazars, compare Fig (10a) in (Ajello et al. 2009).
The plot shows the extracted very hard X-ray AGN evolution data points and errors, overlaid
with the curves we have calculated from the best-fit XLF model parameters provided (their
MPLE model 7), and our calculated tracks by extrapolation using the extracted data points
(dotted lines). The solid lines show the calculated XLF in logLX space, and the long dashed
lines are the counterpart calculations in LX formulation of the XLF to show the agreement
(see Sec. 3.1.2).
redshift of z “ 9.
The data for the evolution of blazars is found in Ajello et al. (2009), which
is plotted in Fig. 3.3. As seen the data is scarce, in particular for the faintest
of the three luminosity bins given. The original plot gives the data points with
error bars up to a redshift of z ă 4, as well as the best-fit XLF calculations up
to a redshift of z ă 9. As we cannot determine an evolution from interpolating
the data points, we extract the points along their XLF-determined evolution
as well, and interpolate between these points, which is given as dotted lines
in the plot. Overplotted are our calculations of the XLF, in solid lines, which
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follow the interpolated lines.
The interpolated evolution tracks give a good fit with the extracted data
points. However, as the surveys do not cover the full redshift range we want
to study, the linear extrapolation is unreliable. Most evident is that displayed
in Fig. 3.1, where the evolution does not show the expected peak towards
higher luminosities. Furthermore, the lack of data at lower luminosities will
not allow any sensible track to be drawn to represent evolution over several
cosmological epochs, as seen in Figs. 3.2. The data for blazars is particularly
scarce at all luminosities (see 3.3), thus we rely on the XLF entirely for these
sources.
A second method for deriving the number density evolution is therefore
applied. Using the prescription of the XLF for each survey outlined in the
above section, we derive the evolutionary tracks, shown in the Figs. 3.1, 3.2
and 3.3 as solid lines. As seen in Fig. 3.2, the extrapolated evolution tracks
differ from our XLF calculations, using the best-fit model parameters provided
in Silverman et al. (2008). A slight discrepancy is shown in Fig. 3.3 between
the extracted and calculated XLF evolutions at the highest redshifts for the
brightest luminosity bin.
3.1.2 AGN Population Derivations: XLF Calculations.
The form of the XLF has already been outlined in Sec. 2.3.1, and the pub-
lished surveys we use in this work apply these prescriptions to their analysis.
For each population we calculate the differential XLF, as well as the number
densities as a function of redshift and luminosity, obtaining the total number
of AGN classes over several cosmological epochs. For comparison we have
calculated the XLF both in terms of luminosity and log-luminosity. Whereas
Silverman et al. (2008) follow the formulation given, there are slight devia-
tions found in the case of the soft XLF parameters of (Hasinger et al. 2005)
and those of the very hard X-ray survey of (Ajello et al. 2009), briefly men-
tioned in Sec. 2.3.1.
In the XLF prescription of Hasinger et al. (2005), the model parameters
are normalised to logLX “ 44 at characteristic redshift zc. To fit the global
model to the observations we thus recalculate to find the best-fit parameters
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Fig. 3.4: XLF of Type-I and Type-II AGN populations: the local XLF (solid line) is
compared to higher redshift bins of 1 ă z ă 2 (dashed), 4 ă z ă 5 (dash-dot) and 9 ă z ă 10
(dash-dot-dot). Left panel: Type-I AGN population derived from the best-fit model in
Hasinger et al. (2005). Right panel: AGN population of both types, derived from the best-
fit model in Silverman et al. (2008).
of the local XLF, i.e. at z “ 0. The parameters are summarised in Table
3.1. To find the characteristic redshift zc from the normalised cut-off redshift
z˚,44 we use Eqn. 2.10, with the given characteristic luminosity Lc. The
evolution indices were also given in terms of indices normalised to logLX “ 44,
thus for consistency we express these in terms of Lc (Eqn. 2.11). The XLF
normalisation is recalculated given that
A44 “ dΨplogLX “ 44, z “ z˚,44q
d logLX
“ 2.62ˆ 10´7 Mpc´3 , (3.1)
and the local XLF, i.e. at z “ 0, is
A44,0 “ dΨplogLX “ 44, z “ 0q
d logLX
, (3.2)
we obtain our new normalisation A0 “ A44{A44,0.
We calculate therefore the XLF of the Type-I AGN from the soft X-ray
survey; Type-I and -II AGN from the hard X-ray survey; and blazars, including
the subgroups FSRQs and BL Lacs from the very hard X-ray survey. The best-
fit parameters for each population were found by the authors of the relevant
papers through maximum likelihood routines, and are summarised in Table
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Fig. 3.5: XLF of blazars derived from the best-fit models in Ajello et al. (2009): the local
XLF (solid line) is compared to higher redshift bins of 1 ă z ă 2 (dashed), 4 ă z ă 5
(dash-dot) and 9 ă z ă 10 (dash-dot-dot).
3.1. The best-fit XLF follow a LDDE model for the former two surveys, and
(modified) PLE models for the blazar survey.
We first calculate the XLF in the luminosity bins as given in the publica-
tions, as shown in Figs. 3.1, 3.2 and 3.3. We then define our own luminosity
bins, such that we find the evolution of radio-galaxies in equal log-LX bins in
the range 42 ă logLX ă 47, as discussed in Sec. 2.3. For blazars, we follow the
luminosity range given in Table 2.4. Furthermore, we determine the evolution
in the redshift range 0 ă z ă 10.
The blazar population and FSRQ population are well described by the
MPLE prescription with a common double power law present day XLF (Eqn.
2.4), where the evolution has a non-zero υ2 index. The BL Lac population is
fit by a simple PLE model, with the present day XLF described as a single
power law (Eqn. 2.3), and where υ˜2 “ 0.
We look at how the luminosity function behaves with luminosity and red-
shift for the different populations, and assume the XLF at lower redshifts can
be extrapolated to higher redshifts. As such we span the AGN evolution from
redshifts 0 ă z ă 10, using the redshift « 10 as an upper limit (as seen in
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Fig. 3.6: XLF of the blazar sub-populations derived from the best-fit models in Ajello et al.
(2009): the local XLF (solid line) is compared to higher redshift bins of 1 ă z ă 2 (dashed),
4 ă z ă 5 (dash-dot) and 9 ă z ă 10 (dash-dot-dot). Left panel: FRSQ population. Right
panel: BL Lac population.
Figs. 3.4-3.6). We note, however, that the oldest quasar is seen at redshift
z “ 5.5 (Romani 2006), and the oldest QSO is found at a redshift « 7 thus
far (Mortlock et al. 2011).
Comparing the XLF calculated in several redshift bins to the local XLF,
we find that the brightest AGN are preferentially found at higher redshifts.
Locally, however, low-luminosity AGN dominate, seen in Figs. 3.4 and 3.5).
Type-I and the combined Type-I and -II XLFs show similar trends. However
the latter is about an order of magnitude larger in population size (Fig. 3.4).
Furthermore, it has a larger domination of lower-luminosity AGN at higher
redshifts, where the Type-I XLF declines. At high luminosities, the Type-I
XLF is dominated by sources at higher redshifts, where the Type-I and -II
population maintains the domination of sources in the later epoch 1 ă z ă 2.
The overall peak activity for these two sets of AGN populations occurs in the
redshift bin of 1 ă z ă 2, with the exclusion of the brightest Type-I AGN.
The blazar population is more abundant in the past than at local red-
shifts with a peak in the redshift bin 4 ă z ă 5. The population declines
on all redshifts towards lower luminosities, shown in Fig. 3.5. Blazars are
dominated by FSRQs (Fig. 3.6) at high luminosities (logLX ą 46), with the
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FITTED XLF MODEL PARAMETERS
MODEL
POWER-LAW PARAMETERS EVOLUTION PARAMETERS
A0 logL˚ Υ1 Υ2, Υ˜2 υ1,c, υ˜1 υ2,c, υ˜2 zc logLc α β1 β2
HLDDE 6.691 ˆ 10´7 c 43.94 0.87 2.57 5.169c -1.098c 1.9633c 44.67 0.21 0.7 0.6
SLDDE ´6.077a 44.33 2.15 1.10 4.00 -1.5 1.9 44.6 0.317 – –
AMPLE (blazar) 1.379 ˆ 10´7 1.81b -0.87 2.73 3.45f -0.25f – – – – –
AMPLE (FSRQ) 0.175 ˆ 10´7 2.42b ´50.0d 2.49 3.67f -0.30f – – – – –
APLE (BL Lac) 0.830 ˆ 10´7 1.0b – 2.61e -0.79f – – – – – –
Table 3.1: Summary of the fitted parameters for each XLF model, as given in the relevant papers: models with first letter H are given in Hasinger et al.
(2005); first letter S refers to models from Silverman et al. (2008); first letter A are given in Ajello et al. (2009). PLE: pure luminosity evolution; MPLE:
modified versions of PLE; LDDE: luminosity dependent density evolution. a) the value represents the logged normalisation constant, log A, as is given
in Silverman et al. (2008). b) the value represents the unlogged value of the break luminosity, L˚, where the luminosities are all normalised by 10
44 erg
s´1. c) recalculated values from the given parameters that were normalised to logLX “ 44. d) in these calculations we used γ1 “ ´50.0 (see Ajello et al.
2009). e) The BL Lac XLF model uses the single power law expression (Equation 2.3), with index Υ˜2. f) The blazar, FSRQ and BL Lac XLFs assume
an evolution defined by the indices υ˜1 and υ˜2.
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Fig. 3.7: Number density evolution of Type-I and Type-II AGN populations, in bins of
X-ray luminosity of 42.0 ă logLX ă 43.5 (solid line), 43.5 ă logLX ă 45.0 (dashed), and
45.0 ă logLX ă 47.5 (dash-dot). Left panel: Type-I AGN population density derived from
the best-fit model in Hasinger et al. (2005). Right panel: density of the AGN population of
both types, derived from the best-fit model in Silverman et al. (2008).
brightest objects most numerous between redshifts 4 and 5. BL Lacs (Fig.
3.6) however, are found to be predominantly of lower luminosity, and located
at lower redshifts. Their numbers decline towards higher luminosities, and the
population is dominant among blazars in the local Universe.
We carry out our calculations assuming the distribution of luminosities
obtained from these XLFs represent the AGN populations well - though we
note the possibility of missing low-luminosity AGN, or a Compton-thick AGN
contribution in the surveys, especially at high redshifts (see e.g. Fabian 2004,
and references therein). The Swift/BAT is not sensitive to low-luminosity
low-redshift sources, and the faint end of the BL Lac XLF in particular
might be under-representative of the real population, reflected in the results
of Ajello et al. (2009) and earlier radio-selected surveys of blazars.
We use the XLFs to calculate the number densities, and subsequently
obtain the total number of radio-loud AGN within each population, over a
range of luminosities and redshifts. The form of the XLF is given in terms
of log-luminosities for Silverman et al. (2008) and in terms of luminosities for
Ajello et al. (2009). We therefore calculate the XLFs in both forms according
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to the conversion in Equation 2.2 to make sure we obtain the same results
when deriving the population sizes. The number density of the populations
is found by introducing the co-moving volume (Peacock (2007), see Appendix
A), within each redshift bin. It is measured as
dVc
dz
“ 16π
ˆ
c
H0
˙3 pΩz ` pΩ´ 2qr?1` Ωz ´ 1sq2
Ω4p1` zq3?1` Ωz , (3.3)
and we use the cosmological prescriptions given in the relevant papers to main-
tain consistency of each population (H0 “ 70 km s´1 Mpc´1,ΩΛ “ 0.7,ΩM “ 0.3).
The X-ray luminosities are normalised by L44 “ 1044 erg s´1 in our calcula-
tions. The number density evolution is calculated in bins of X-ray luminosity,
and comparing the various population densities reveals the trend that Type-I,
and Type-I and -II AGN had their peak activity at redshifts 0.5 ă z ă 2,
whereas the blazars peaked at a much earlier time, 4 ă z ă 5, seen in Figs.
3.7, 3.8 and 3.9.
It is clear that the evolution of the Type-I population closely resembles
that of the combined Type-I and -II populations (Fig. 3.7). The higher lumi-
nosity bins show a steeper decline towards higher redshifts, when compared
to their lower-luminosity counterparts, hence reflecting a rapid peak activity
period, followed by a decline towards local epochs.
The blazar population consistently peak around redshift z « 4.5 for the
various luminosity bins (Fig. 3.8). The lowest luminosity bin appears flatter
than the others, which may be due to the beaming effects, as the luminosities
we observe would be strongly enhanced by this phenomenon (see Sec. 2.5).
This is also seen in the lowest luminosity bin of the FSRQ population (Fig.
3.9), which again accounts for the majority of the full blazar sample, and fol-
lows a similar evolutionary track. As the XLF collapses for lower luminosities,
as seen in Fig. 3.5, the density evolution is calculated for sources brighter
than logLX “ 46.0. The evolutionary tracks of the BL Lac population (Fig.
3.9) follow the single power-law of the XLF, and the BL Lac population is
thus dominant at local redshifts and declining towards early times regardless
of luminosity.
The XLF is computed without taking into account the radio-loudness
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Fig. 3.8: Number density evolution of blazars derived from the best-fit model in Ajello et al.
(2009) in bins of X-ray luminosity of 44.0 ă logLX ă 46.5 (solid line), 46.5 ă logLX ă 47.5
(dashed), and 47.5 ă logLX ă 48.5 (dash-dot).
and missing ( ”unseen” or faint) sources in the total population. The Type-
I and the combined Type-I and -II populations consist of both radio-quiet
and radio-loud sources. We are concerned with the radio-loud fraction in this
work, thus require only 10% of these populations. However, to account for the
radio-loud sources that are missing in the survey, we follow Zinn et al. (2011),
and assume that a fraction of 10% of the population is observed. Thus, in
the case of the XLF of Type-I population and the combined Type-I and -II
populations, the two correction factors cancel, and the calculations will reflect
the full radiogalaxy/quasar populations with the correction factor ΘCF “ 1.
In the case of the blazars however, their nature implies radio-loudness,
hence this is already accounted for. To account for all blazars we use a cor-
rection factor based on the opening angle of the jet to include the misaligned
fraction of blazars. Assuming a modest bulk Lorentz factor Γ “ 10, and that
it relates to the half opening angle by ωj “ Γ´1 “ 0.1 radians, we obtain the
correction factor as a ratio between the solid angle of a full sphere to the solid
angle the jet projects to on this sphere. The viewing angle is θv “ ωj, so that
a jet with an opening angle of 2ωj, will be not be in our line of sight if the
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Fig. 3.9: Number density evolution of FSRQ and BL Lac populations derived from the
best-fit models in Ajello et al. (2009). Left panel: FSRQ population, in bins of 46.0 ă
logLX ă 46.75 (solid line), 46.75 ă logLX ă 47.5 (dashed), and 47.5 ă logLX ă 48.5
(dash-dot). Right panel: BL Lac population, in bins of 44.5 ă logLX ă 45.5 (solid line),
45.5 ă logLX ă 46.5 (dashed), and 47.5 ă logLX ă 48.5 (dash-dot).
viewing angle is larger than the half opening angle. These misaligned sources
will therefore be accounted for through
ΘCF “ 4π
Ω
“ 4π
2πp1´ cospωjqq “
4π
2πpω2j
2
q
“ 4Γ2 . (3.4)
This gives a correction factor of 400, which agrees with estimates of a few hun-
dred, or 2Γ2 (Ajello et al. 2009; Ghisellini et al. 2010; Volonteri et al. 2011),
and we apply this correction to the blazar sample, as well as the sub-classes
to obtain the full blazar/quasar population throughout the history of the Uni-
verse.
We then compute the redshift and luminosity distributions of all complete
populations, and calculate the number of sources in bins of both redshift and
luminosity. We obtain the number distribution of the AGN populations over
redshift, Npzq, by integrating into bins of luminosity as a function of redshift
in the range 0 ă z ă 10,
dNpzq
dz
“ ΘCF
ż logLX,2
logLX,1
dΨpLX, zq
d logLX
dVc
dz
d logLX . (3.5)
The number distribution of the AGN populations over X-ray luminosity,
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NpLXq is found by integrating the XLF over redshift as a function of X-ray
luminosity, such that
dNpLXq
d logLX
“
ż z2
z1
dΨpLX, zq
d logLX
dVc
dz
dz . (3.6)
By multiplying the population distribution by the size of the redshift or
luminosity bin, ∆z or ∆ logLX, we obtain the total population over redshift
or luminosity, respectively. We choose the appropriate luminosity range, with
each bin spanning an equal size for a consistent comparison. Evaluating the
maximum luminosity of an AGN, according to the Eddington luminosity dic-
tated by the SMBH at the AGN centre, we find the maximum log-luminosity
„ logLX “ 47.0. Thus, for the Type-I and Type-I and -II AGN popula-
tions our range follows that of Silverman et al. (2008), spanning five orders
of magnitude, from an estimated lowest AGN X-ray log-luminosity of 42 to a
maximum of 47.
In the case of blazars, we need to account for the beaming of these objects,
hence, take into account the minimum intrinsic X-ray luminosity, for which
we set to logLX “ 40.0. As such we only take those above this intrinsic
luminosity to be actual blazar objects, and thus avoid confusion with objects
that fall below this luminosity, such as X-ray binaries and other luminous
objects that could be observed at these redshifts. Assuming a representative
value for the spectral index across the objects of each of the blazar populations
we use, for the subsamples BL Lacs, αX “ 1.5; for FSRQs, αX “ 0.6; and the
total blazar sample we use αX “ 1.0 (see Figure 2, Ajello et al. (2009)). This
means that the lowest observed luminosity for FSRQs is set at logLX “ 43.6;
for blazars is logLX “ 44.0, and for BL Lacs it is set to logLX “ 44.5 (see Sec.
2.5 for details). However as already mentioned, the XLF of FSRQs limits us
to lower luminosity of logLX “ 46.0 for this particular population.
3.2 Number derivation of X-ray detected populations
We have checked that the XLF in terms of log-luminosities and luminosities
produce the same results, according to the conversion given in Equation (2.2).
The numbers we derive for each population, either in bins of redshift or lumi-
nosity, therefore come in two representations which are consistent with each
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other. These numbers then form the source-data for our neutrino spectra, thus
it is of great importance that these derivations are sound. In this section we
show the final derivations of the population sizes which are used to calculate
the expected neutrino spectra from these populations.
For the Type-I data derived from the XLF prescription given in
Hasinger et al. (2005), and Type-I and -II AGN, derived from the XLF given
in Silverman et al. (2008), we first calculate the given log-form of the XLF,
and then doing the conversion, we repeat calculations. The slight differences
between the two are due to the binning in the calculations. For the blazar
types, we reverse the order, as the XLFs given in Ajello et al. (2009) are given
in terms of un-logged luminosities. In addition to the full blazar sample, we
have also derived the size of the FSRQ and BL Lac sub-groups, using their
best fit models from Ajello et al. (2009).
The derived population numbers are tabulated in Tables 3.2 (Type-I
AGN), 3.3 (Type-I and Type-II AGN), 3.4 (blazars), 3.5 (FSRQs), and 3.6
(BL Lacs). We calculate the ratio between the two methods of calculation
and find they are in agreement.
3.3 Results from Calculations of X-ray Detected AGN
We calculate for all five populations the distributions in redshift and X-ray
luminosity. We correct for missing, or misaligned sources in each population.
As expected, we find that Type-I and Type-II AGN activity peak later than
blazars, which can be readily seen in Figs. 3.10 and 3.11. The former evolu-
tions peak between redshifts of 0.5 and 2, whereas blazars (including FSRQ,
but not BL Lac sources) peak at redshifts between 4 and 5. The less powerful
BL Lacs peak at redshifts closer to z “ 1, similar to the Type-I and -II AGN.
The peak activity of Type-I and -II AGN decreases in redshift with de-
creasing X-ray luminosity, seen on the left panels in the Fig. 3.10, whereas for
the blazars, the peak does not shift significantly. The location of the peak in
the redshift distribution suggests that the most luminous blazars and bright
quasars formed at an early time in the history of the Universe, and rapidly
decreased in density towards later times. Though this implies that black holes
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Derived Type I population size
z bin dNplogLXq
d logLX
ˇˇˇ
ˇ
z
ˆ∆ logLX
dNpLXq
dLX
ˇˇˇ
ˇ
z
ˆ∆LX
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
0-1 5.106 ˆ 106 5.107 ˆ 106 2.45 ˆ 10´4
1-2 8.223 ˆ 106 8.225 ˆ 106 2.45 ˆ 10´4
2-3 4.227 ˆ 106 4.228 ˆ 106 2.45 ˆ 10´4
3-4 2.251 ˆ 106 2.252 ˆ 106 2.45 ˆ 10´4
4-5 1.319 ˆ 106 1.319 ˆ 106 2.45 ˆ 10´4
5-6 8.333 ˆ 105 8.335 ˆ 105 2.45 ˆ 10´4
6-7 5.581 ˆ 105 5.582 ˆ 105 2.45 ˆ 10´4
7-8 3.914 ˆ 105 3.915 ˆ 105 2.45 ˆ 10´4
8-9 2.848 ˆ 105 2.848 ˆ 105 2.45 ˆ 10´4
9-10 2.136 ˆ 105 2.136 ˆ 105 2.45 ˆ 10´4
0-10 2.341 ˆ 107 2.341 ˆ 107 2.45 ˆ 10´4
Log-L bin dNpzq
dz
ˇˇˇ
ˇ
logLX
ˆ∆z dNpzq
dz
ˇˇˇ
ˇ
LX
ˆ∆z
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
42.0 - 42.5 6.797 ˆ 106 6.797 ˆ 106 7.98 ˆ 10´7
42.5 - 43.0 5.684 ˆ 106 5.684 ˆ 106 2.43 ˆ 10´6
43.0 - 43.5 5.032 ˆ 106 5.032 ˆ 106 2.83 ˆ 10´6
43.5 - 44.0 3.815 ˆ 106 3.815 ˆ 106 1.59 ˆ 10´6
44.0 - 44.5 1.650 ˆ 106 1.650 ˆ 106 7.31 ˆ 10´6
44.5 - 45.0 3.776 ˆ 105 3.777 ˆ 105 8.53 ˆ 10´5
45.0 - 45.5 3.813 ˆ 104 3.813 ˆ 104 2.16 ˆ 10´7
45.5 - 46.0 3.404 ˆ 103 3.404 ˆ 103 2.23 ˆ 10´7
46.0 - 46.5 3.068 ˆ 102 3.068 ˆ 102 2.18 ˆ 10´7
46.5 - 47.0 2.807 ˆ 101 2.807 ˆ 101 2.16 ˆ 10´7
42.0 - 47.0 1.004 ˆ 108 1.004 ˆ 108 2.19 ˆ 10´5
Table 3.2: Estimated numbers of the Type I population, calculated using the XLF prescrip-
tion given in Hasinger et al. (2005), in log-luminosity (left column) and luminosity (centre
column). The right-most column gives the ratio between the two sets of numbers.
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Derived Type I/II population size
z bin dNplogLXq
d logLX
ˇˇˇ
ˇ
z
ˆ∆ logLX
dNpLXq
dLX
ˇˇˇ
ˇ
z
ˆ∆LX
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
0-1 2.217 ˆ 107 2.218 ˆ 107 2.45 ˆ 10´4
1-2 2.925 ˆ 107 2.926 ˆ 107 2.45 ˆ 10´4
2-3 1.767 ˆ 107 1.767 ˆ 107 2.45 ˆ 10´4
3-4 1.070 ˆ 107 1.070 ˆ 107 2.45 ˆ 10´4
4-5 6.883 ˆ 106 6.884 ˆ 106 2.45 ˆ 10´4
5-6 4.672 ˆ 106 4.673 ˆ 106 2.45 ˆ 10´4
6-7 3.314 ˆ 106 3.314 ˆ 106 2.45 ˆ 10´4
7-8 2.435 ˆ 106 2.436 ˆ 106 2.45 ˆ 10´4
8-9 1.843 ˆ 106 1.843 ˆ 106 2.45 ˆ 10´4
9-10 1.429 ˆ 106 1.429 ˆ 106 2.45 ˆ 10´4
0-10 1.004 ˆ 108 1.004 ˆ 108 2.45 ˆ 10´4
Log-L bin dNpzq
dz
ˇˇˇ
ˇ
logLX
ˆ∆z dNpzq
dz
ˇˇˇ
ˇ
LX
ˆ∆z
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
42.0 - 42.5 5.067 ˆ 107 5.067 ˆ 107 9.00 ˆ 10´7
42.5 - 43.0 2.451 ˆ 107 2.451 ˆ 107 1.05 ˆ 10´6
43.0 - 43.5 1.310 ˆ 107 1.310 ˆ 107 1.40 ˆ 10´5
43.5 - 44.0 7.247 ˆ 106 7.247 ˆ 106 1.82 ˆ 10´6
44.0 - 44.5 3.601 ˆ 106 3.601 ˆ 106 7.82 ˆ 10´5
44.5 - 45.0 1.130 ˆ 106 1.130 ˆ 106 1.73 ˆ 10´7
45.0 - 45.5 1.273 ˆ 105 1.273 ˆ 105 1.73 ˆ 10´7
45.5 - 46.0 1.172 ˆ 104 1.172 ˆ 104 2.24 ˆ 10´7
46.0 - 46.5 1.015 ˆ 103 1.015 ˆ 103 2.41 ˆ 10´7
46.5 - 47.0 8.612 ˆ 101 8.612 ˆ 101 2.51 ˆ 10´7
42.0 - 47.0 1.004 ˆ 108 1.004 ˆ 108 5.07 ˆ 10´6
Table 3.3: Estimated numbers of the Type-I and type-II population, calculated using
the XLF prescription given in Silverman et al. (2008), in log-luminosity (left column) and
luminosity (centre column). The right-most column gives the ratio between the two sets of
numbers.
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Derived blazar population size
z bin dNplogLXq
d logLX
ˇˇˇ
ˇ
z
ˆ∆ logLX
dNpLXq
dLX
ˇˇˇ
ˇ
z
ˆ∆LX
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
0-1 9.937 ˆ 106 9.939 ˆ 106 1.99 ˆ 10´4
1-2 6.585 ˆ 107 6.586 ˆ 107 1.99 ˆ 10´4
2-3 1.319 ˆ 108 1.319 ˆ 108 1.99 ˆ 10´4
3-4 1.643 ˆ 108 1.643 ˆ 108 1.99 ˆ 10´4
4-5 1.576 ˆ 108 1.576 ˆ 108 1.99 ˆ 10´4
5-6 1.276 ˆ 108 1.276 ˆ 108 1.99 ˆ 10´4
6-7 9.138 ˆ 107 9.140 ˆ 107 1.99 ˆ 10´4
7-8 5.951 ˆ 107 5.952 ˆ 107 1.99 ˆ 10´4
8-9 3.583 ˆ 107 3.582 ˆ 107 1.99 ˆ 10´4
9-10 2.013 ˆ 107 2.014 ˆ 107 1.99 ˆ 10´4
0-10 8.640 ˆ 108 8.642 ˆ 108 1.99 ˆ 10´4
Log-L bin dNpzq
dz
ˇˇˇ
ˇ
logLX
ˆ∆z dNpzq
dz
ˇˇˇ
ˇ
LX
ˆ∆z
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
44.0 - 44.5 3.921 ˆ 107 3.921 ˆ 107 9.38 ˆ 10´9
44.5 - 45.0 1.049 ˆ 108 1.049 ˆ 108 8.04 ˆ 10´9
45.0 - 45.5 2.533 ˆ 108 2.533 ˆ 108 2.47 ˆ 10´9
45.5 - 46.0 3.630 ˆ 108 3.630 ˆ 108 4.41 ˆ 10´7
46.0 - 46.5 9.811 ˆ 107 9.811 ˆ 107 1.83 ˆ 10´6
46.5 - 47.0 5.226 ˆ 106 5.226 ˆ 106 4.90 ˆ 10´7
47.0 - 47.5 2.265 ˆ 105 2.265 ˆ 105 5.69 ˆ 10´7
47.5 - 48.0 9.773 ˆ 103 9.773 ˆ 103 5.78 ˆ 10´7
48.0 - 48.5 4.217 ˆ 102 4.217 ˆ 102 5.83 ˆ 10´7
44.0 - 48.5 8.640 ˆ 108 8.640 ˆ 108 5.29 ˆ 10´7
Table 3.4: Estimated numbers of the total blazar population, calculated using the XLF
prescription given in Ajello et al. (2009), in log-luminosity (left column) and luminosity
(centre column). The right-most column gives the ratio between the two sets of numbers.
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Derived FSRQ population size
z bin dNplogLXq
d logLX
ˇˇˇ
ˇ
z
ˆ∆ logLX
dNpLXq
dLX
ˇˇˇ
ˇ
z
ˆ∆LX
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
0-1 7.404 ˆ 103 7.404 ˆ 103 6.14 ˆ 10´5
1-2 6.559 ˆ 105 6.560 ˆ 105 6.14 ˆ 10´5
2-3 5.014 ˆ 106 5.014 ˆ 106 6.14 ˆ 10´5
3-4 7.220 ˆ 106 7.220 ˆ 106 6.14 ˆ 10´5
4-5 6.420 ˆ 106 6.421 ˆ 106 6.14 ˆ 10´5
5-6 4.613 ˆ 106 4.614 ˆ 106 6.14 ˆ 10´5
6-7 1.715 ˆ 106 1.715 ˆ 106 6.14 ˆ 10´5
7-8 3.596 ˆ 105 3.597 ˆ 105 6.14 ˆ 10´5
8-9 5.527 ˆ 104 5.527 ˆ 104 6.14 ˆ 10´5
9-10 6.548 ˆ 103 6.548 ˆ 103 6.14 ˆ 10´5
0-10 2.607 ˆ 107 2.607 ˆ 107 6.14 ˆ 10´5
Log-L bin dNpzq
dz
ˇˇˇ
ˇ
logLX
ˆ∆z dNpzq
dz
ˇˇˇ
ˇ
LX
ˆ∆z
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
43.6 - 44.0 2.411 ˆ 10´25 2.411 ˆ 10´25 3.32 ˆ 10´7
44.0 - 44.5 2.393 ˆ 100 2.393 ˆ 100 0.00
44.5 - 45.0 2.193 ˆ 104 2.193 ˆ 104 2.01 ˆ 10´6
45.0 - 45.5 9.429 ˆ 105 9.429 ˆ 105 7.93 ˆ 10´5
45.5 - 46.0 7.444 ˆ 106 7.441 ˆ 106 3.50 ˆ 10´4
46.0 - 46.5 2.394 ˆ 107 2.394 ˆ 107 2.03 ˆ 10´5
46.5 - 47.0 2.000 ˆ 106 2.000 ˆ 106 4.17 ˆ 10´7
47.0 - 47.5 1.138 ˆ 105 1.138 ˆ 105 4.12 ˆ 10´7
47.5 - 48.0 6.473 ˆ 103 6.473 ˆ 103 4.13 ˆ 10´7
48.0 - 48.5 3.682 ˆ 102 3.682 ˆ 102 4.04 ˆ 10´7
43.6 - 48.5 3.447 ˆ 107 3.447 ˆ 107 2.94 ˆ 10´4
46.0 - 48.5 2.606 ˆ 107 2.606 ˆ 107 1.87 ˆ 10´5
Table 3.5: Estimated numbers of the FSRQ population, calculated using the XLF pre-
scription given in Ajello et al. (2009), in log-luminosity (left column) and luminosity (centre
column). The column on the right gives the ratio between the two sets of numbers. As
the XLF collapses below logLX = 46.0, this is the effective lower bound used in the work
presented in Ch. 2.
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Derived BL Lac population size
z bin dNplogLXq
d logLX
ˇˇˇ
ˇ
z
ˆ∆ logLX
dNpLXq
dLX
ˇˇˇ
ˇ
z
ˆ∆LX
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
0-1 7.971 ˆ 104 7.972 ˆ 104 1.57 ˆ 10´4
1-2 6.717 ˆ 104 6.718 ˆ 104 1.57 ˆ 10´4
2-3 3.271 ˆ 104 3.271 ˆ 104 1.57 ˆ 10´4
3-4 1.714 ˆ 104 1.714 ˆ 104 1.57 ˆ 10´4
4-5 9.832 ˆ 103 9.834 ˆ 103 1.57 ˆ 10´4
5-6 6.069 ˆ 103 6.070 ˆ 103 1.57 ˆ 10´4
6-7 3.969 ˆ 103 3.969 ˆ 103 1.57 ˆ 10´4
7-8 2.717 ˆ 103 2.717 ˆ 103 1.57 ˆ 10´4
8-9 1.931 ˆ 103 1.931 ˆ 103 1.57 ˆ 10´4
9-10 1.416 ˆ 103 1.415 ˆ 103 1.57 ˆ 10´4
1-10 2.227 ˆ 105 2.227 ˆ 105 1.57 ˆ 10´4
Log-L bin dNpzq
dz
ˇˇˇ
ˇ
logLX
ˆ∆z dNpzq
dz
ˇˇˇ
ˇ
LX
ˆ∆z
ˇˇˇ
ˇNplogLXq´NpLXqNplogLXq
ˇˇˇ
ˇ
44.5 - 45.0 1.880 ˆ 105 1.880 ˆ 105 8.55 ˆ 10´8
45.0 - 45.5 2.945 ˆ 104 2.945 ˆ 104 9.19 ˆ 10´8
45.5 - 46.0 4.615 ˆ 103 4.615 ˆ 103 9.40 ˆ 10´8
46.0 - 46.5 7.230 ˆ 102 7.230 ˆ 102 9.54 ˆ 10´8
46.5 - 47.0 1.133 ˆ 102 1.133 ˆ 102 9.75 ˆ 10´8
47.0 - 47.5 1.775 ˆ 101 1.775 ˆ 101 8.80 ˆ 10´8
47.5 - 48.0 2.781 ˆ 100 2.781 ˆ 100 9.54 ˆ 10´8
48.0 - 48.5 4.357 ˆ 10´1 4.357 ˆ 10´1 1.00 ˆ 10´7
44.5 - 48.5 2.229 ˆ 105 2.229 ˆ 105 4.18 ˆ 10´6
Table 3.6: Estimated numbers of the BL Lac population, calculated using the XLF pre-
scription given in Ajello et al. (2009), in log-luminosity (left column) and luminosity (centre
column). The right-most column gives the ratio between the two sets of numbers. The
luminosity binned numbers imply that there is a high luminosity cut-off (logLX ă 48.0)
which is consistent with the BL Lac being a low-luminosity population.
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Fig. 3.10: Redshift and luminosity distributions of Type-I and Type-I and -II AGN pop-
ulations. Panels on the left show the redshift distributions in three luminosity bins, and
panels on the right show the luminosity distributions in four bins of redshift, for the Type-I
population in the top panels, and the Type-I and -II population in the bottom panels.
formed early on in the Universe, and that the conditions of the early Universe
were favourable to the formation of very luminous AGN, the observational
limitations at higher redshifts is restricting a study of low-luminosity AGN at
the same distances (Ajello et al. 2009).
In Figs. 3.10 and 3.11 both the redshift distribution and luminosity distri-
bution lead to a similar conclusion in that luminous blazars/quasars formed,
and peaked in activity, early on before rapidly declining, whereas the less pow-
erful AGN have their peak at a later time. The distribution over redshift tells
us that for a given population, the peak is found at a given redshift (e.g. „ 4
for blazars/quasars, „ 1 ´ 2 for a typical luminous AGN), implying that the
heyday of the population was at this given point in the history of the Universe,
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Fig. 3.11: Redshift and luminosity distributions of blazars. The panel on the left shows
the redshift distributions in luminosity bins: 44.0 ă logLX ă 46.5 (solid line), 46.5 ă
logLX ă 47.5 (dashed), and 47.5 ă logLX ă 48.5 (dash-dot). The panel on the right show
the luminosity distributions bins of redshift.
and has since declined.
We can conceptually explain the luminosity distribution in a slightly dif-
ferent way. The distribution over luminosities suggests that the luminosity of
the objects is linked to the temporal evolution of the population, such that we
find brighter AGN dominating at earlier times in the history of the Universe,
and the closer to more local redshifts we move, the populations are dominated
by the more faint objects. This can be seen for Type-I AGN in the top right
panel of Fig. 3.10, where there is a significant shift from the dominance of
the local redshift bin for lower luminosity AGN, to the bin of peak activity for
more luminous AGN. This is not so obvious for the Type-I and -II population,
as the gap between the local redshift bin and the earlier bins decreases as one
moves to higher luminosities. The luminous blazar populations (Fig. 3.11)
show a dominance in the redshifts enclosing its peak activity, and maintains
this dominance, as the sources show a rapid decline at lower luminosities. The
low-luminosity BL Lac sources (Fig. 3.12) reflect their simple model evolution,
with a linear increase towards lower luminosities, throughout dominated by
local sources.
It is therefore no surprise perhaps that we find the most luminous AGN
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Fig. 3.12: Redshift and luminosity distributions of FSRQ sources (top panels), and BL
Lac sources (bottom panels). Panels on the left show the redshift distributions in luminosity
bins: FSRQs 46.0 ă logLX ă 46.75 (solid line), 46.75 ă logLX ă 47.5 (dashed), and 47.5 ă
logLX ă 48.5 (dash-dot); BL Lacs of 44.5 ă logLX ă 45.5 (solid line), 45.5 ă logLX ă 46.5
(dashed), and 47.5 ă logLX ă 48.5 (dash-dot). Panels on the right show the luminosity
distributions bins of redshift.
(the blazar/quasar populations) peaking considerably earlier than the fainter
and more common AGN, which have been surveyed by e.g. Silverman et al.
(2008). In a young and smaller Universe it would be a higher frequency of
merging black holes providing the favourable conditions for the quasar activity
we see in the past – however as the universe expanded, the number of quasars
declined rapidly. In line with this, for Type-I, and Type-I and -II AGN,
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Derived AGN Space Densities
AGN population: Space density [Mpc´3] :
Type-I AGN 6.65ˆ 10´6
Type-I and Type-II AGN 2.85ˆ 10´5
Blazars 2.46ˆ 10´4
FSRQs 7.41ˆ 10´6
BL Lacs 6.33ˆ 10´8
Table 3.7: Derived AGN space densities for the various populations, in the redshift range
0 ă z ă 10. Type-I and the combined Type-I and -II populations are derived in the
luminosity range 42 ă log LX ă 47, blazars in range 44 ă log LX ă 48.5, FSRQs in range
46 ă log LX ă 48.5, and BL Lacs 44.5 ă log LX ă 48.5. See text for details.
brighter AGN are found at higher redshifts, whereas lower luminosity sources
are dominant more locally, however in both cases, the dominant redshifts are
1 ă z ă 2 (fainter sources) to 2 ă z ă 3 (brighter sources). In the case of
blazars, and the more numerous sub-class of FSRQs, a similar trend occurs.
However these sources are at the lowest luminosities dominant in the very
local universe (0 ă z ă 1), and the brightest sources are dominating the high
redshift universe, peaking at 4 ă z ă 5.
We use these calculation to derive the size of each population, and deter-
mine the space density of these populations in the total volume we have inves-
tigated. We multiply our distributions in each bin by the size of the redshift
or luminosity interval, and sum each contribution, for which the details can be
found in Sec. 3.2. Our chosen redshift range of 0 ă z ă 10, encloses a volume
of 3.519ˆ 1012 Mpc3 (Wright 2006) for the cosmology given in Hasinger et al.
(2005); Silverman et al. (2008); Ajello et al. (2009), and we derive the space
densities of each population, summarised in Table 3.7. The order of magnitude
of the calculated space densities agrees well with published space density esti-
mations of various AGN populations (e.g. Takami et al. (2012), for local space
densities of UHECR sources, and also Yoshiguchi et al. (2003) and references
therein), such as Seyferts (i.e. radio-quiet AGN) estimated at „ 10´3 Mpc´3,
which should be an order of magnitude or so higher than our radio-loud pop-
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ulation. It also agrees well with that of radio-loud AGN, if these are UHECR
sources, measured to „ 10´4 Mpc´3; that of BL Lacs as „ 10´7 Mpc´3, and
in terms of unification, FRIs are measured to „ 10´5 Mpc´3, for which the
discrepancy might be for our case the lack of low-luminosity BL Lac detected.
The (local) majority of this population might therefore be missed in our esti-
mate. The FRII space density has been measured to „ 10´8 Mpc´3, however,
because these are local measurements, and the FSRQs are observed at high
redshifts, this might explain the discrepancy if the unification is applicable, as
the space density of the FSRQ is expected to have declined rapidly since its
peak activity at around z “ 4.5.
3.4 FSRQs Derived from γ-ray Surveys
We follow the same procedure as we did in Sec. 3.1.2 to derive the space den-
sity of FSRQs. Similar to the X-ray derived space densities, we find that the
activity of luminous FSRQs peak at an earlier time than the lower-luminosity
sources, and is followed by a rapid decline towards the local epoch. We fur-
thermore assume that the evolution found in the survey can be extrapolated
to higher redshifts, assuming the local behaviour of the γLF is also applicable
at the early epochs of AGN formation.
3.4.1 FSRQ Population Derivations: γLF Calculations.
The analytical form of the γLF is described in Sec. 2.4.1, and the survey we
use to derive the number evolution of FSRQs is given in Ajello et al. (2012).
The best-fit model takes an LDDE form, and corresponding model parameters
are found through maximum likelihood methods by Ajello et al. (2012). These
are summarised in Table 3.8. We also follow the limits on the γ-ray luminosity
and photon index given in the survey publication.
We calculate the differential γLF and the number density as a function of
redshift and luminosity. We then obtain the redshift and luminosity distribu-
tion of the population, and derive the total number density of AGN over several
cosmological epochs. The upper redshift limit is given as z “ 6 in Ajello et al.
(2012), however the analysis is independent of the redshift (Ajello et al. 2014).
We therefore extrapolate the lower redshift evolution to an upper limit of
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FSRQ γLF MODEL PARAMETERS
POWER-LAW EVOLUTION SPECTRAL INDEX
Aa0: 3.06 υ1,c 7.35
c µc 2.44
c
Lb˚ 0.84 υ2 ´6.51 σ 0.18
Υ1 0.21 zc 1.47 ρmin 1.80
Υ2 1.58 α 0.21 ρmax 3.0
Table 3.8: Summary of the fitted parameters for the FSRQ γLF model, as given in
Ajello et al. (2012). The model follows an LDDE form, which refers to a luminosity de-
pendent density evolution. a) Normalisation constant in units of 10´9 Mpc´3 erg´1 s. b)
The break luminosity is normalised by 1048 erg s´1. c) The parameterisation for the FSRQ
population has luminosity independent values for the low-redshift index υ1 and mean of the
photon index µ.
z “ 10. We do however use the range of photon indices given, which are
summarised in Table 3.8.
Blazar luminosities are strongly beamed in our direction. The observed γ-
ray luminosities will therefore differ from the intrinsic luminosity, as discussed
for the X-ray detected blazars in Sec. 3.1.2. We use the beaming relation
between intrinsic and beamed luminosity, Lγ and Lγ respectively,
Lγ “ δ̺Lγ (3.7)
to determine the lower limit to the observed γ-ray luminosity. We use ̺ “
3 ` ψγ, and ψγ is the spectral index, ψγ “ ´p1 ´ ρq (see Sec. 2.5), and find
logLγ,min “ 44.5 for the FSRQ population. A correction factor is introduced
to account for misaligned blazars to obtain an estimate of the full blazar
population. In the radio-loud unification model (Urry and Padovani 1995)
these sources would account for the FR-I and FR-II radio galaxy populations,
considering either BL Lacs or FSRQs, respectively. As we did for the X-ray
detected AGN, we use the correction factor ΘCF “ 4Γ2, and assume the bulk
Lorentz factor is Γ “ 10, with a viewing angle of 0.1 radians. A Lorentz factor
of 10 agrees well with estimates in e.g. Ajello et al. (2012) (and references
therein) for FSRQs.
We calculate the luminosity and redshift distribution of the FSRQs, and
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Fig. 3.13: Left: Differential γLF for the FSRQ population. It is given at different redshifts,
and show that the evolution flattens towards the faint end, and steeply falls towards higher
luminosities. This latter gradient flattens at higher redshifts. Right: Number density
evolution of the FSRQ population, in bins of luminosity. The activity of the brightest of
the FSRQ sources peak at z « 2. The peak decreases in redshift with decreasing source
luminosity, and the lowest-luminosity FSRQs peak at a redshift of z ă 0.5.
obtain the estimated population densities in the redshift range 0 ă z ă 10,
and the luminosity ranges of 44.5 ă logLγ ă 49.5. The upper luminosity limit
is adopted from Ajello et al. (2012). The FSRQ population has a steep de-
cline towards higher luminosities at low redshift, with the luminosity function
flattening towards higher redshifts, as seen in Fig. 3.13.
We integrate the luminosity function in bins of luminosity, and obtain the
number density of the populations over several cosmological epochs (Fig. 3.13.
The activity of the brightest blazars peak at significantly earlier times, with
the peak shifts to lower redshift with decreasing luminosity. For the FSRQ
population the density evolution of the brightest sources peaks at z « 2,
decreasing down to a peak of z ă 0.5 for the lowest luminosity FSRQs at
redshifts above z « 2.5, implying that the brightest sources dominate over the
lower-luminosity sources.
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Derived FSRQ population
z bin
dNpLγq
dLγ
ˇˇˇ
ˇ
z
∆LγΘCF Lγ bin
dNpzq
dz
ˇˇˇ
ˇ
Lγ
∆zΘCF
0-1 8.114 ˆ 104 44.5 - 45.0 1.832 ˆ 104
1-2 4.235 ˆ 104 44.5 - 45.0 1.861 ˆ 104
2-3 5.660 ˆ 103 45.5 - 46.0 1.904 ˆ 104
3-4 8.201 ˆ 102 46.0 - 46.5 1.938 ˆ 104
4-5 1.584 ˆ 102 46.5 - 47.0 1.919 ˆ 104
5-6 3.950 ˆ 101 47.0 - 47.5 1.733 ˆ 104
6-7 1.194 ˆ 101 47.5 - 48.0 1.193 ˆ 104
7-8 4.174 ˆ 100 48.0 - 48.5 4.903 ˆ 103
8-9 1.635 ˆ 100 48.5 - 49.0 1.234 ˆ 103
9-10 7.018 ˆ 10´1 49.0 - 49.5 2.445 ˆ 102
0-10 1.302 ˆ 105 44.5 - 49.5 1.302 ˆ 105
Table 3.9: Estimated numbers of the FSRQ population, calculated using the γLF prescrip-
tion given in Ajello et al. (2012). The column on the left gives FSRQ binned in redshift over
the full luminosity range (44.5 ă logLγ ă 49.5). The column on the right gives the size
of the FSRQ population binned in luminosity, and considered over the full redshift range
(0 ă z ă 10).
3.5 Number derivation of γ-ray detected FSRQs
The numbers we derive for the γ-ray detected FSRQ population are either in
bins of redshift or luminosity, depending on the distribution they are obtained
form. In this section we show the final derivations of the population size.
Table 3.9 gives the derived numbers in each redshift or luminosity bin.
3.6 Results from Calculations of γ-ray Detected FSRQs
Convolving the γLF with the co-moving volume of the Universe gives the
redshift or luminosity distributions of the FSRQ population. The differential
co-moving volume is
dVc
dz
“ 16π
ˆ
c
H0
˙3 pΩz ` pΩ´ 2qr?1` Ωz ´ 1sq2
Ω4p1` zq3?1` Ωz , (3.8)
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Fig. 3.14: Redshift and luminosity distributions of the FSRQ population, corrected for
misaligned sources. Left: the redshift distributions show that the peak activity of FSRQs
increases in redshift with increasing luminosity. Right: the luminosity distributions show
that the brightest FSRQ sources dominate the population at redshifts above z ą 2.
and we use the cosmological prescriptions given in the relevant paper to main-
tain consistency (H0 “ 71 km s´1 Mpc´1). By integrating over luminosity, we
obtain the redshift distributions, that allow us to differentiate between the
low- and high-luminosity blazar evolutions.
The redshift and luminosity distributions of FSRQ sources are shown in
Fig. 3.14. The redshift distributions show that lower-luminosity FSRQs are
dominating at redshifts z ă 1, and the most abundant sources at z ă 0.5 are
the lowest-luminosity sources (logrLγ erg s´1s ă 45.75). The bright sources
(logrLγ erg s´1s ą 47.0) dominate at higher redshifts, z ą 2. This agrees with
the evolution of the X-ray detected blazars (Sec. 3.3). The FSRQ luminosity
distributions show that the brightest sources dominate in the 2 ă z ă 4
redshift range.
The space density of FSRQs, ρFSRQ for a comoving volume out to redshift
z “ 10 (Vc “ 3.6ˆ 1012 Mpc3 (Wright 2006)) is
ρFSRQ “ Npz, Lγq ˆΘCF
Vc
. (3.9)
The density we find for the FSRQ population is « 4ˆ10´8 Mpc´3 for both the
redshift and luminosity distributions, which agrees with local estimates for the
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Fig. 3.15: Comparison of Type-I XLF models: The best fit LDDE model of Hasinger et al.
(2005) (solid lines) is used in our work (see Ch. 2). The model fits well with the data points,
and whereas the decline towards higher redshifts is steep at low luminosities, it becomes
flatter towards the brightest sources. The PLE (dotted lines) follow the evolutionary tracks
of the LDDE model, however diverges at low luminosities.
population, using cosmic ray data (e.g. Takami et al. (2012), for local space
densities of UHECR sources, and also Yoshiguchi et al. (2003) and references
therein), given at „ 10´8 Mpc´3.
3.7 Additional XLF model calculations
Here we present the additional calculations of the XLF of the various pop-
ulations, and various XLF models. The additional calculations are made to
further study the ones used in the main project. Thus we calculate a selection
of the various models for which best-fit parameters are available in the survey
publications, and here we present the results of these, as well as any additional
plots for which we find useful to complement the main aim of this work.
The unobscured AGN were studied in Hasinger et al. (2005), and they pro-
vided two global XLF model prescriptions. The best-fit LDDE model was used
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in our work, and is summarised in Table 3.1 as well as in Table 3.10. It shows
excellent fit with the data points, particularly at lower luminosities, as seen
in Fig. 3.15. Towards the brightest sources, however, the high-redshift data
points have large errors. The PLE model follows the evolution of the LDDE
model and the data points at higher redshifts, however, the high-redshift end
becomes flatter towards lower luminosity sources. Furthermore, it does poorly
at representing the lowest luminosity sources at local redshifts.
(a) Comparison of PLE and MPLE models (b) Comparison of LDDE models
Fig. 3.16: Comparison of Type-I and type-II XLF models: the figure on the left (Fig.
a) shows the comparison of the PLE (dotted lines) and MPLE (dashed lines) models, for
three luminosity bins. Figure (b) on the right shows the comparison of the two best-fit
LDDE models. The best-fit model used in our work (solid lines) was chosen over the LDDE
model (dash-dotted lines), due to the excessively steep decline towards higher redshifts in
the latter.
For the Type I and Type-II population we chose to use the best-fit model
prescription of Silverman et al. (2008), summarised in Table 3.1. Moreover,
they gave prescriptions for additional models; and we here show the PLE,
MPLE and an additional LDDE model to compare with the LDDE model
we use for our calculations in Ch. 2. The PLE derived models, seen in Fig.
3.16a show a strong cut-off at higher redshifts, and particularly at the lowest
luminosities they fail to fit the data points for the evolutionary tracks. The
MPLE model is slightly more successful at later times. The comparison of
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Fig. 3.17: Comparison of Type-I and -II XLF models: Their best fit LDDE model (solid
lines) show a similar form to the LDDE model used in our work (see Fig. 3.16b). The PLE
(dotted lines) and PDE (dashed lines) are similar in evolution, however the PDE model
gives consistently higher densities for lower luminosities, but falls below the PLE model at
higher luminosities.
the two LDDE models, seen in Fig. 3.16b, show that the model we chose to
use has a much flatter decline towards higher redshifts than the other LDDE
model. The latter was measured to higher redshifts (0.2 ă z ă 5.5), and does
thus attempt to fit with the high-redshift data points. However, we chose
the former LDDE model, measured to a redshift of (0.2 ă z ă 3), that was
able to better fit the low luminosity track data points, as well not declining
too steeply towards high redshifts. Given the large errors on the high-redshift
data-points, this model provides us with the best estimate of both the obscured
and unobscured radio-loud AGN population.
To compare with the Type-I and Type-II XLF prescribed by Silverman et al.
(2008), we also look at the hard XLF prescriptions of Ueda et al. (2003) of
the same population, measured up to a redshift of z “ 3. The evolutionary
tracks produced from the PLE, PDE and LDDE model parameters are shown
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Fig. 3.18: Comparison of the blazar XLF models: the PLE (dotted lines) and PDE (solid
lines) for three luminosity bins. Particularly at the lowest luminosities is the flattening
in the PLE model obvious, compared to the PDE model. Data points extracted from the
original plots are given to show the fit of the two models.
in Fig. 3.17, and the LDDE model prescribed in this paper is similar to the
shape of the evolutionary tracks produced by the LDDE model prescribed by
Silverman et al. (2008). Note however, the luminosity bins differ for the two
representations.
The additional models presented in Ajello et al. (2009) are the PLE (also
quoted in Table 3.1) and PDE models. We show in Fig. 3.18 the comparison
of these models, and illustrate the flattening in the PLE model. Whereas at
high luminosities, the models agree well, the flattening is beginning to appear
in the intermediate luminosity bin, and very obvious in the faint luminosity
bin. This is due to the beaming of the blazar luminosities, so that in the
PLE model, where the luminosities are evolved over redshift, the effects on
the observed radiation show clearly. In the PDE models, the number density
is evolved, hence, the modelled evolution does not show such a trend.
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FITTED XLF MODEL PARAMETERS
MODEL
z “ 0 PARAMETERS EVOLUTION PARAMETERS
A0 logL˚ Υ1 Υ2 υ1,c υ2,c zc logLc α β1 β2
HPLE 1.85 ˆ 10´7 43.33 0.39 2.29 2.67 -0.2 1.70 – – – –
HLDDE 2.62 ˆ 10´7 43.94 0.87 2.57 4.7 -1.5 1.42 44.67 0.21 0.7 0.6
SPLE ´5.332a 44.92 2.80 0.77 1.69 -0.87 1.9 – – – –
SMPLE ´5.238a 44.88 2.76 0.42 -0.60 -8.18 2.0 – -1.04 – –
SLDDE ´6.077a 44.33 2.15 1.10 4.00 -1.5 1.9 44.6 0.317 – – -
UPLE 1.41 ˆ 10´7 43.66 0.82 2.37 2.70 0.0 1.15 – – – –
UPDE 2.64 ˆ 10´6 44.11 0.93 2.23 4.20 0.0 1.14 – – – –
ULDDE 5.04 ˆ 10´6 43.94 0.86 2.23 4.23 -1.5 1.9 44.6 0.335 – –
AMPLE 1.379 ˆ 10´7 1.81b -0.87 2.73 3.45 -0.25 – – – – – –
AMPDE 0.948 ˆ 10´7 1.95b -0.83 2.54 11.62 -0.85 – – – – – –
Table 3.10: Summary of the fitted parameters for each XLF model, as given in the relevant papers: models with first letter H are given in Hasinger et al.
(2005); first letter S refers to models from Silverman et al. (2008); models with first letter U are found in Ueda et al. (2003); first letter A are given in
Ajello et al. (2009). PLE: pure luminosity evolution; PDE: pure density evolution; MPLE/MPDE: modified versions of PLE/PDE; LDDE: luminosity
dependent density evolution. a) the value represents the logged normalisation constant, logA, as is given in Silverman et al. (2008). b) the value represents
the unlogged value of the break luminosity, L˚, where the luminosities are all normalised by 10
44 erg/s.
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Chapter 4
The Cosmological Evolution of
Neutrinos from AGN Jets
The existence of astrophysical UHE neutrinos has been theorised for decades,
but only recently confirmed. The dedicated neutrino observatory IceCube has
detected a few tens of high-energy neutrino events, with energies reaching
„ 106 GeV (Aartsen et al. 2013; IceCube Collaboration 2013; Aartsen et al.
2015b). However, the statistics are yet too low to derive any significant in-
formation on the origin of these events, leading to a number of speculations
(e.g. Halzen 2014, and references therein). The detections are consistent with
an extragalactic origin from energy considerations, however a confirmation re-
quires further event detections by IceCube and future neutrino observatories,
as well as further studies into neutrino generation.
The production of such energetic particles requires a source population
with strong magnetic fields and strong radiative emission – i.e. cosmic accel-
erators.
The AGN/quasar population has emerged as a prime candidate for neu-
trino production. Identified regions of high-energy emission include the core,
knotty regions along the AGN jet, and the terminal shock region in AGN jet
lobes as they interact with the intergalactic medium.
Convolving the observed evolutionary tracks of these source populations,
derived from photonic AGN surveys, with a model of the evolving neutrino
spectral energy distribution at cosmological epochs can reveal the conditions
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of the source environments as far back as the formation of these populations.
The diffuse neutrino background over cosmic time will hint at the relative
power of the source populations at higher redshifts compared with the power
emitted today. Hence, the cosmological evolution of neutrinos is of interest, in
particular as a probe of the bright phase of galactic formation (i.e. at redshifts
10 ´ 30, see Berezinskii and Ozernoi 1981) from which only neutrinos would
have survived virtually unattenuated.
It is an abundant source population, and in support of the GZK crite-
rion mentioned in Sec. 1, there exist AGN in our cosmic neighbourhood.
The closest is Centaurus A, an FR-I radiogalaxy, at a distance of only 3.4
Mpc (Evans et al. 2004), corresponding to a redshift of z « 0.0008 and can
therefore be considered a local (z « 0) source. The local space density of
AGN is estimated from cosmic ray observations at about 10´4 Mpc´3 (see
e.g. Takami et al. 2012; Yoshiguchi et al. 2003, and references therein; see also
Tab. 3.7). Their evolutionary history spans several cosmological epochs, as
they are thought to be among the first sources formed during the bright phase.
These sources could therefore serve as a population for which neutrino pro-
duction may be traced back to a time when the Universe was only a fraction
of its size today.
AGN furthermore display large variations in characteristics (see Ch. 2),
ranging from observed emission along the electromagnetic spectrum (from ra-
dio to X-ray and γ-rays), to observed morphology of the jets (Sec. 2.1; the
FR-I and FR-II dichotomy). Suitable locations for neutrino production de-
termined from observations of high-energy emission are the AGN cores, the
jets, and hotspots in the jet lobes of FR-II radio galaxies (see Figs. 1.12
and 2.1). In addition, the evolutionary tracks vary across the AGN classes,
thus the contribution from each class to the cosmic neutrino flux will vary
correspondingly.
In this chapter, we focus on the radio-loud AGN population as this offers
a well-studied classification scheme and accompanying thorough („complete)
space density surveys – in particular in X-rays and γ-rays (Ch. 2). We estimate
the diffuse neutrino background from various radio-loud AGN populations at
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several cosmological epochs. As point source detection of neutrinos is yet
premature in current detectors (e.g. IceCube), we calculate the total diffuse
neutrino background that can be detected today.
We compare the neutrino production efficiencies from a number of AGN
types with the flux limits, and in this way aim to verify if all AGN types
are indeed neutrino producers. In light of the X-ray surveys we use, we also
verify if two models of neutrino production in AGN jets, following a commonly
accepted production scenario, are applicable.
Sec. 4.1 outlines some key models on HE production of neutrinos in AGN
and general considerations that are important in determining neutrino emis-
sion from primary interactions of protons on ambient media. Here we also
describe the two models we use to calculate the diffuse neutrino energy evo-
lution in the Universe. Our resulting energy spectra at different cosmological
epochs from several AGN populations are presented in Sec. 4.2. The expected
diffuse neutrino spectra are presented, and we compare our results with the
current limits on detection from IceCube and PAO. We do not distinguish be-
tween neutrinos and anti-neutrinos in the analysis. The results presented in
this chapter are also found in Jacobsen et al. (2015).
4.1 Neutrino Production Models
Neutrino production in AGN jets has been extensively studied, as described
below. AGN are attractive neutrino producers because they are known to be
emitters of non-thermal radiation, harbouring an enormous source of energy
in the central accreting SMBH. The emission of relativistic jets offers further
evidence of the high-energy production in these sources. It is still unknown
whether these are purely leptonic, or have a hadronic component – an issue
neutrino astrophysics will be able to shed light on.
The radio-loud component in AGN spectra indicates synchrotron emis-
sion by a population of relativistic electrons in the jets.The radiation fields
are therefore readily available for efficient pγ interactions in a lepto-hadronic
jet. As the relativistic electrons travel in the jet magnetic fields, they emit syn-
chrotron emission which is observed in the the radio-loud AGN energy spectra
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Fig. 4.1: Schematic illustration of the inner regions of AGN jets. In the AGN core the
accretion disc emits UV-radiation, and the corona upscatters the UV-photons to X-ray
energies. Similarly, core radiation is rescattered in the dusty torus as infra-red emission.
In the jet, the majority of the emission processes take place in the blazar zone; relativistic
electrons produce radio synchrotron emission, γr and through inverse Compton scattering X-
ray and γ-ray photons are produced. The BLR produces optical photons γo. Proton targets
are found in the accretion disc, the jet, and the torus. The relativistic protons interact with
the target fields, producing an outflow of neutrinos, γ-rays, neutrons and CR-protons.
as strong relative to radio-quiet AGN. In blazar SEDs, the synchrotron emis-
sion can explain the low-energy peak. The peak at γ-ray energies in SEDs of
blazars can be explained by both leptonic inverse Compton processes as well
as the hadronic decay of neutral pions (see Ch. 5). The latter would therefore
be accompanied by an associated neutrino signal. A direct neutrino detection
would confirm the latter, and the study of associated photon emission (i.e.
through pion decay) can provide clues about this.
4.1.1 Target radiation and matter fields
Assuming a lepto-hadronic jet content, protons and electrons will be acceler-
ated to ultra-high energies. The acceleration mechanism is uncertain; however,
shocks are commonly invoked in jet models (see Sec. 5.2.1). The production
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of neutrinos in these sources require the UHE protons to interact with matter
or radiation fields within the AGN system.
The availability of various target fields, illustrated in Fig. 4.1, depends
on the location of the neutrino production in the AGN system. The neutrino
spectra are calculated with a number of dependencies, one of which is the
choice of interaction channel (pp or pγ). The production rates are heavily
dictated by the densities of the target fields and the energy of the photon
radiation will determine the cross section of the pγ interaction.
The core has been modelled as a possible location (and would there-
fore also include production in radio-quiet AGN, e.g. Stecker et al. 1991;
Nellen et al. 1993; Stecker 2005, 2013). Radiation fields include UV-photons
and a proton population in the accretion disc and the upscattered X-ray pho-
tons in the corona (Nellen 1994; Stecker and Salamon 1996; Kachelrieß et al.
2009). The protons are in this case accelerated in the accretion disc, or just
above, and will diffuse back to the disc, and interact with the accretion disc
matter or radiation fields.
Neutrino production in the jets has the benefit of the internal synchrotron
radiation field. Often the main emission processes are assumed to occur close
to the base of the jet within a region sometimes referred to as the blazar zone
(Fig. 4.1, see e.g. Sikora et al. 2005; Murase et al. 2014). Close to the core
regions, the accretion disc and coronal radiation and matter fields are also
available for pγ-interactions (Atoyan and Dermer 2001; Neronov and Semikoz
2002; Anchordoqui et al. 2004; Kachelrieß et al. 2009; Cuoco and Hannestad
2008; Koers and Tinyakov 2008; Becker and Biermann 2009). Knots observed
along the jet, thought to be shock regions, are also possible production sites.
Synchrotron radiation, its existence a consequence of the interaction between
the relativistic electrons and the magnetic field, is extensively used as a target
field along the jet such as in the proton blazar model of Mannheim (1993)
and the synchrotron proton blazar model of Mu¨cke and Protheroe (2001).
As a natural radiation field emerging in jets, it is however commonly as-
sumed in a number of proposed models, (e.g. Biermann and Strittmatter 1987;
Halzen and Zas 1997; Mu¨cke and Protheroe 2001; Atoyan and Dermer 2001;
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Dermer et al. 2007; Cuoco and Hannestad 2008; Becker and Biermann 2009;
Becker et al. 2011; Reynoso et al. 2012; Dermer et al. 2014)
An extension to this model scenario is the synchrotron mirror model of
Reimer et al. (2005), for which radiation produced through SSC within the jet
is reflected off external clouds, and thus back into the jet. In addition, the cold
matter content in the jet provides a target for pp-interactions (Reynoso et al.
2011; Becker Tjus et al. 2014). The hotspots in the outer lobes of the AGN jets
are possible production sites because the interaction between the jet plasma
and interstellar and intergalactic media produces shock conditions, and has
been considered for both pp and pγ-interactions (Biermann and Strittmatter
1987; Cuoco and Hannestad 2008; Becker Tjus et al. 2014).
External radiation includes that of the BLR, which is considered an im-
portant factor in high-energy production in e.g. FSRQs (Atoyan and Dermer
2001, 2003; Dermer et al. 2012; Murase et al. 2014; Dermer et al. 2014). Cold
protons and infra-red radiation from the torus have also been considered
(Becker and Biermann 2009; Dermer et al. 2012; Murase et al. 2014).
4.1.2 Normalisation of the neutrino spectra
The search for possible neutrino point sources began as an extension to the
search of UHECR sources. The first step was to identify sources of strong
radio, X-ray or γ-ray emission, as well as the observed UHECR flux, as these
are signs of high-energy processes within the source. These observations im-
pose constraints on the neutrino flux, and are used to normalise the neutrino
spectrum.
The neutrino emission spectrum is usually constructed by considering the
spectrum of the relativistic protons accelerated through e.g. shocks. In this
case, the primary spectrum follows a power law,
dN
dEp
9 E´αpp , (4.1)
with αp « 2´2.2. First order Fermi acceleration is often the preferred mecha-
nism as its resultant energy distribution is consistent with the observed slope
of the cosmic ray spectrum (Bell 1978).
The spectra of the escaping emission deriving from the proton population
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closely follows a power law described by the index αp, with the exception of
regions where the energy losses include proton interactions. A useful scaling of
the neutrino spectrum is therefore to assume the fraction of energy distributed
among the secondary particles or emitted as cosmic ray flux which may then
be compared to the observed γ-ray or UHECR spectrum.
Radio emission implies that relativistic electrons interact with magnetic
fields in the jet. If the jet content is lepto-hadronic, then a population of
relativistic protons may be found in these sources as well (e.g. Mannheim
1993). Among AGN/quasars the radio galaxies Cen A, M87, and the quasar
3C 273 (the first identified quasar Schmidt 1963) were among the first AGN
sources to be considered as neutrino producers (Silberberg and Shapiro 1977;
Margolis et al. 1978). Due to the strong radio emission from these sources,
a ratio between the radio emission in our Galaxy to that of the radio source
was used to scale the possible correlated neutrino emission from radio sources
(Silberberg and Shapiro 1977; Margolis et al. 1978) with target fields being
either ambient cold gas and dust surrounding the nucleus in an accretion
disc or ambient clouds, or even the X-ray radiation from accretion processes
(Silberberg and Shapiro 1979; Eichler 1979). This approach was later ex-
tended with a more physical explanation, linking the total power of the jet
to the maximum achievable energy of the accelerated protons (Becker et al.
2005).
This approach can be extended using the jet-disc symbiosis model
(Falcke and Biermann 1995), where the total power of the jet (radio power) is
related to the disc luminosity of the AGN. In this way, the X-ray luminosity
can be used to normalise the spectrum of neutrinos. For models in which
neutrino production occur in the AGN core (Mannheim 1995), or assuming
the X-ray emission is produced through the cascading emission from high-
energy production in radio-quiet AGN (Stecker and Salamon 1996), the X-ray
luminosity provides a reasonable scaling.
Blazars are known emitters of strong γ-radiation and, assuming the
emission originates in hadronic interactions, it offers a useful normali-
sation spectrum (Mannheim 1995; Protheroe 1996; Halzen and Zas 1997;
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Halzen and O’Murchadha 2008; Cuoco and Hannestad 2008; Arteaga-Vela´zquez
2012; Tchernin et al. 2013; Murase et al. 2014; Tavecchio et al. 2014). The
TeV emission in blazars is also used to model hadronic flaring models, and
to compare the spectra with that of quiescent periods to explore the physical
conditions leading to these enhanced emission episodes (Rachen and Me´sza´ros
1998; Atoyan and Dermer 2001, 2003; Reimer et al. 2005; Dermer et al. 2007;
Becker et al. 2011; Dermer et al. 2014). However, the fraction of the diffuse
γ-ray background originating in blazar emission is highly uncertain, and the
γ-ray normalisation is used predominantly in point-source studies.
The observed UHECR spectrum has been used to normalise the neutrino
spectrum since the neutrino emission derives from the same energetic par-
ent distribution in the source (Waxman and Bahcall 1999; Mannheim 1999;
Tavecchio et al. 2014). Pierre Auger Collaboration et al. (2007, 2008) re-
ported a correlation between UHECRs and nearby AGN which subsequently
inspired a number of papers to study the expected neutrino emission with
the most nearby AGN, namely Cen A and M87, as well as the diffuse
neutrino flux (Halzen and O’Murchadha 2008; Cuoco and Hannestad 2008;
Koers and Tinyakov 2008; Becker and Biermann 2009; Kachelrieß et al. 2009).
4.1.3 Koers and Tinyakov (KT) Neutrino Production Model
The neutrino production model of Koers and Tinyakov (2008) is built on the
tradition of scaling the observed neutrino flux with the observed cosmic ray
flux. As briefly mentioned above, the study was motivated by the UHECR
observations by Pierre Auger Collaboration et al. (2007, 2008) (PAO), which
correlated the cosmic ray event to nearby AGN. Their model follows that
of Cuoco and Hannestad (2008), adopting a candidate point source, Cen A,
suspected of being the origin of observed cosmic ray events, as described in
Sec. 4.1.
Cuoco and Hannestad (2008) calculates the neutrino flux from Cen A,
given that PAO reported two UHECR events correlated within 3 degrees of
it. Cen A is considered a typical neutrino- and UHECR-producing AGN.
In the model adopted by Koers and Tinyakov (2008) the protons are shock-
accelerated to ultra-high energies, and are magnetically confined to a region
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close to the core (Fig. 4.2) where they interact with the ambient radiation
fields. Interactions with matter fields are disfavoured because efficient shock
acceleration requires a low matter density (Cuoco and Hannestad 2008).
The protons produce neutrons and neutrinos through the photohadronic
interaction
p` γ Ñ n` π` , (4.2)
and the neutrinos will escape, thus tracing the secondary neutron spectrum.
These secondary neutrons will, however, interact with the ambient photon
fields in photo-induced decays, thus losing energy before escaping confinement,
following
n` γ Ñ p` π´ . (4.3)
The softer neutrons decay to produce the observed UHECR spectrum through
nÑ p` e´ ` ν¯e . (4.4)
A consequence of this process is that at the highest energies, the neutrino flux
is harder than that of the UHECRs.
The number density of the photon field in the core follows a power law
npεq 9 ε´2 (Koers and Tinyakov 2008). The production spectra resulting
from the photohadronic interactions with the photon field follow those given
in Mannheim et al. (2001). The UHECR spectrum will, in the production
scenario described, have two breaks. The first break occurs at the energy
when the optical depth for pγ losses is unity, i.e. τpγpEβq “ 1. For a proton
injection function of QppEpq 9 Ep, the proton spectrum is given by
NppEpq „ QppEpqtppEpq , (4.5)
where the time scale tppEpq is the sum of the energy loss timescales affecting
protons, i.e. pγ interactions and adiabatic cooling. If the parameter β1 is
assigned to whichever is largest of the velocity of the adiabatic expansion or
the shock velocity, the proton spectrum is described by
NppEpq 9
$’&
’%
β´11 E
´2
p pEp ă β1Eβq
EβE
´3
p pEp ą β1Eβq .
(4.6)
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The exponential cutoff of the spectrum, determined by the maximum proton
energy, is omitted here, as the cut-off occurs beyond the region of interest in the
model. The photon field density in the core follows a power law, npεq 9 ε´2
(Koers and Tinyakov 2008). The fractional proton energy loss per interac-
tion is κp « 0.2. The fraction of proton energy distributed to its secondary
particles (κpÑi, where i “ pν, γ, nq for neutrinos, gamma-rays, and neutrons,
respectively) per interaction in AGN jets can then be given by
κpÑν « 0.1
κpÑγ « 0.1
κpÑn « 0.5 . (4.7)
The energy per particle is for neutrinos xEνy « 0.033Ep, and for neutrons
xEny « 0.83Ep. The average relative neutrino to neutron energy is then ǫ¯ “
xEνy{xEny “ 0.04 (Mannheim et al. 2001). The neutron injection function is
related to the proton spectrum (Eqn. 4.6) through the timescale of neutron
production by photohadronic interactions, and gives
QnpEnq 9
$’&
’%
β´11 E
´1
n pEn ă β1Eβq
EβE
´2
n pEn ą β1Eβq .
(4.8)
The neutron injection function is related to the muon neutrino injection func-
tion by
QνµpEq “
2
3ǫ¯2
κpÑν
κpÑn
QnpE{ǫ¯q . (4.9)
The neutrons will then subsequently either escape to produce cosmic ray pro-
tons, or suffer energy losses in nγ interactions. The latter occurs at energies
above β2Eβ , when the optical depth for the interaction, τnγ “ 1. The cos-
mic ray spectrum will therefore differ from the neutron spectrum above this
energy, and the cosmic ray injection function is
QcrpEpq 9
$’’’’&
’’’’%
β´11 E
´1
p E
´1
β pEp ă β1Eβq
E´2p pβ1Eβ ă Ep ă β2Eβq
β2EβE
´3
p pβ2Eβ ă Epq .
(4.10)
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The breaks are close in energy, hence a single break energy, Ebr,cr, can be
adopted. This can be determined from the observed γ-ray spectrum, be-
cause the γ-rays interact through pair production with the same photon field.
There is therefore a break in the spectrum at an energy Ebr,γ when the op-
tical depth for the interaction is τγγ “ 1. Cuoco and Hannestad (2008) gives
Ebr,γ » 200 MeV, and the break in the UHECR spectrum is given by
Ecr,br » 3 ˆ 108Ebr,γ » 108 GeV, consistent with an X-ray populated
photon field. The break in the neutrino spectrum is then at an energy of
Eν,br “ ǫ¯Ecr,br “ 4ˆ 106 GeV (Koers and Tinyakov 2008).
The model assumes an optically thin source, so the synchrotron emission of
mesons can be neglected, and the energy of the pions is therefore distributed to
its decay products. The model considers muon neutrinos, produced in flavour
ratio pνe : νµ : ντ qproduction “ p1 : 2 : 0q and through propagation, the observed
ratio will be pνe : νµ : ντ qobserved “ p1 : 1 : 1q after oscillations. The expected
muon neutrino flux is given (in units of GeV´1 cm´2 s´1) as
φKT,CenAν pEνq “
ˆ
dNν
dEν
˙KT,CenA
“ AKT,CenAν
ˆ
Eν
1 GeV
˙´ρν
ˆmin
ˆ
1,
Eν
Ebr,ν
˙
, (4.11)
with the index ρν “ 1.7. The neutrino and UHECR spectra are therefore
harder than the primary proton spectrum by one power before the break. After
the break the UHECR spectrum is softer by one power than the primary proton
spectrum, but the neutrino spectrum will follow the neutron spectrum (Eqns.
4.6, 4.8, 4.10). The normalisation of the spectrum is given by considering
the UHECR flux associated with Cen A derived from PAO observations, and
is evaluated at the threshold energy in the PAO analysis (Eth “ 57 EeV)
φCenAcr “ 5ˆ 10´21 cm´2 s´1. The normalisation is then
AKT,CenAν “
φCenApEthq
3
κpÑν
κpÑn
ǫ¯pρν´1qpρν ´ 1q
E
1´ρν
th Eν,br
« 3ˆ 10´11 GeV´1 cm´2 s´1 . (4.12)
Koers and Tinyakov (2008) then calculate the associated diffuse flux, as-
suming that Cen A is representative of AGN producing UHECRs, and hence
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neutrinos. They take into account all sources by constructing a neutrino boost
factor, HpEthq that relates the diffuse neutrino flux to the Cen A neutrino flux
through
φdiffν
φCenAν
“ φ
diff
cr pEthq
φCenAp pEthq
HpEthq (4.13)
“ 1.9HpEthq sr´1 . (4.14)
This boost factor assumes that the UHECR flux from Cen A has travelled with
negligible energy loss. In estimating the diffuse neutrino flux from distant
sources, the boost factor takes into account the difference in the mean free
path of the neutrinos and cosmic rays as they propagate through space. The
cosmic rays are highly attenuated at larger distances. Therefore, the neutrino
flux received from distant (unresolved) AGN will be stronger than the UHECR
flux from the same sources. Their boost factor is constructed independently of
a source model, and they expect the diffuse neutrino flux is 200 to 5000 times
that expected to originate in Cen A. This result is source model dependent,
for which the former estimate is based on a non-evolving source model, and
the latter with strong evolution.
4.1.4 Becker and Biermann (BB) Neutrino Production Model
The production model of Becker and Biermann (2009) is similarly motivated
by the UHECR events detected by PAO. As a few events were reported to
correlate with Cen A, they consider the production of neutrinos in FR-I AGN.
The jets of this class of AGN show a distribution of knots along the jet with
strong non-thermal radio emission, where shocks are responsible for the accel-
eration of electrons. In the model protons are similarly accelerated in these
regions. The magnetic field is anchored in the accretion disc, and is assumed
to initially scale with the distance along the jet as B „ d´2j . Further out in the
jet it drops as B „ d´1j , as the shock waves along the jet reheat its content,
enabling it to maintain a magnetic field capable of confining particles at larger
distances from its base (Becker and Biermann 2009).
The jet structure is modelled with moving shock regions from the base of
the jet („ 30Rg) to „ 3000Rg, where the first knot (and therefore the first
stationary shock) is located. Rg “ GMBHc´2 is the gravitational radius of the
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Fig. 4.2: Left: Schematic illustration of the neutrino production in the jet based on the pre-
scription described in Koers and Tinyakov (2008) (not to scale). Neutrinos are produced
through energetic protons interacting with X-ray photons from the disc corona. Neutri-
nos and neutrons escape the confinement. Whereas the neutrinos leave the jet, the neu-
trons will decay to produce observed UHECR protons and neutrinos. Right: Schematic
illustration of the neutrino production in the jet based on the prescription described in
Becker and Biermann (2009) (not to scale). Neutrinos are produced at the base of the jet
by energetic protons interacting with UV and radio photon fields from the accretion disc
and jet, respectively. The neutrino emission is beamed in a collimated jet. The UHECR
protons are produced in the last strong shock region of the jet.
central black hole of massMBH. Repeating stationary shocks then occur along
the jet (Fig. 4.2).
Becker and Biermann (2009) consider three sources of target fields to in-
teract with the energetic protons, namely disc photons, jet synchrotron pho-
tons, and cold protons in the torus. The number density of the disc photons
is given by
npεγdiscq “
Ldisc
4π d2j c εdisc
« 0.083 Ldisc d´2j , (4.15)
where the disc photon energy is assumed εdisc “ 20 eV “ 3.204 ˆ 10´11 erg,
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consistent with the observed UV-energies of the disc radiation. The mean free
path of the protons in the photon field is ℓpγdisc “ rnpεγdiscqσpγs´1, where the
total cross section of the pγ interaction is σpγ “ 9 ˆ 10´28 cm2. The optical
depth of the interaction is
τpγdisc “
dj ωj
ℓpγdisc
. (4.16)
For a typical FR-I AGN, the half opening angle of the jet is ωj “ 0.1, the black
hole mass given by MBH “ 107Md, and the disc luminosity is
Ldisc « ǫedd ˆ 1044 erg s´1 , (4.17)
with the Eddington accretion rate ǫedd „ 0.1 (Becker and Biermann 2009).
The optical depth can then be estimated as τpγdisc „ 0.02 at a distance of
dj „ 3000Rg, and decreasing outward along the jet.
The proton field of the torus has an optical depth of
τpptorus “ χσpp
« 2ˆ 103 , (4.18)
where Becker and Biermann (2009) estimate the column depth of the torus
χ „ 4 ˆ 1023 cm´2, and the cross section of the proton-proton interaction
σpp « 5ˆ 10´27 cm2.
In the jet, the synchrotron radiation density in the jet frame is
npεγsynchq «
Lknot
Γj 4π d
2
j c εsynch
« 4.053ˆ 105 Lknot d´2j , (4.19)
with a photon energy of εsynch “ 6.550 ˆ 10´18 erg, or frequency of νsynch “
1 GHz, thus emitting in the radio. The luminosity of the knot is estimated as
a fraction ǫknot of the total jet radio luminosity so that
Lknot « ǫknot ˆ 1040 erg s´1 . (4.20)
Assuming a bulk Lorentz factor of the jet, Γj “ 10, the fraction ǫknot “ 0.1,
a half opening angle and black hole mass as above, and at a distance of dj „
3000Rg, the optical depth in the synchrotron radiation field is τpγdisc „ 0.9.
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The synchrotron radiation field will therefore dominate over the other targets.
The optical depth of the disc depends on the accretion rate and for a less
efficient rate, as is observed in some FR-I, the optical depth would approach
zero. The proton target in the torus is negligible.
The density of the synchrotron field decreases with distance, with the
adiabatic expansion of the knots, and so does the optical depth. Therefore, it
is expected that the dominant pγ interactions occur at the first strong shock
where the jet is still collimated and the optical depth for interactions with
the synchrotron field is of the order unity. In their calculations they therefore
assume τpγsynch “ 1 (Becker and Biermann 2009).
The energetic protons therefore interact with the synchrotron field pre-
dominantly at the base of the jet, at the first strong shock. Protons escaping
this region travel along the jet and are accelerated in the subsequent stationary
shocks. When the optical depth is too low for hadronic interactions, the pro-
tons will escape as UHECRs. The neutrino and UHECR fluxes will therefore
follow the primary proton energy spectrum. Thereforeˆ
dNcr
dEcr
˙
9
ˆ
dNν
dEν
˙
, (4.21)
when evaluated within the supergalactic plane, where the events implying
the PAO correlations are assumed to originate (Becker and Biermann 2009).
Therefore, the spectral indices of the two spectra are assumed to be equal,
i.e. ρν « ρp. The UHECR spectrum has an observed index ρcr “ 2.7, but
Becker and Biermann (2009) remark that stochastic shock acceleration pro-
duces a spectrum of 2.3 or flatter; hence, the steep spectrum of UHECR emis-
sion may not reflect the intrinsic spectrum. As such, in their model they use
an index of 2 and 2.3.
The proton population follows the bulk motion of the relativistic jet, de-
scribed in terms of the Lorentz factor Γj. The opening angle of the jet cone is
determined from the Lorentz factor of the jet bulk motion, as ωj 9 Γ´1j , hence
the solid angle of the emission goes as Ωj 9 Γ´2j . The cone of emission differs
as the neutrino flux is predominantly produced at the base of the jet. As the
primary protons move with the relativistic jet content upon interacting with
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the photon field, the neutrinos are emitted in a beamed cone with a much
smaller opening angle than the UHECR emission which escapes further along
the jet (Fig. 4.2). The Lorentz factor of the emission therefore differs as the
neutrinos are emitted in much stronger shocks occurring closer to the core.
Becker and Biermann (2009) assume a ratio of the Lorentz factors as
Γν
Γcr
« 3 . (4.22)
In the Becker and Biermann (2009) model, any neutrino detection needs to
originate in blazar-type AGN due to the beamed emission, whereas a cosmic
ray point source may have a jet misaligned with our line of sight. They there-
fore need to consider the difference in redshift dependence for the two emis-
sions, which depends on the source distribution. To account for that of the
neutrino emission, they use a radio luminosity function of flat spectrum radio
sources in Dunlop and Peacock (1990), for which they interpret the abundance
of low-luminosity sources as the FR-I type blazars. For the cosmic rays they
use the FR-I radio luminosity function in Willott et al. (2001). The depen-
dence is expressed as
ϕ “
ż zmax
zmin
ż Lmax
Lmin
dzdL
1
4πD2L
dΨr
dL
dVc
dz
, (4.23)
with the radio luminosity function dΨr{dL and the comoving volume element
dVc{dz (see Sec. 2.3.1). The factor 1{4πD2L takes into account the decrease
of flux suffered for emission from sources at luminosity distance DL (see Sec.
A.3). Becker and Biermann (2009) take the minimum redshift to be z “
0.0008 for cosmic rays, where the closest FR-I contributing to the emission is
located – namely Cen A. The lower limit for the neutrino emission is given by
the location of the Perseus A as the closest contributing flat spectrum source,
with z “ 0.018. The upper limit of the redshift integration is conservatively
taken as the size of the supergalactic plane, i.e. z “ 0.03, thus assuming that
the sources contributing to the cosmic ray flux are spread across this plane.
The larger number of sources decreases the redshift dependence of the cosmic
ray emission, relative to assuming a smaller volume containing the contributing
sources. The ratio describing the redshift dependence for the two emissions is
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then found to be
ϕν
ϕcr
« 0.1 . (4.24)
The energy estimates of the photohadronic interaction is dictated by the
energy distributed amongst the secondaries. Assuming the delta resonance
channel, the branching ratio for the charged pion path is 1{3. In the decay
of the pion, half its energy will be converted to νµ energy. Assuming stan-
dard oscillation effects on propagation, the ratios are the same assumed in
Sec. 4.1.3, i.e. pνe : νµ : ντ q “ p1 : 2 : 0qproduction Ñ p1 : 1 : 1qobserved.
Becker and Biermann (2009) therefore relates the emission of the neutrino
and UHECR from their respective cones by a factor of τpγ{12 to account for
the fraction of energy which goes to the neutrino population. The (muon)
neutrino spectrum for a single source,will therefore follow
φBB,ssν pEνq “
ˆ
dNν
dEν
˙BB,ss
“ ABBν E´ρνν , (4.25)
again omitting the exponential decay of the spectrum. Contrary to the KT
model, the spectrum does not contain a break. This is because the break
predicted in the model occurs at much lower energies, as the break result-
ing from the photohadronic interaction depends on the energy of the target
photon fields. Whereas the KT model used a target with X-ray energies, i.e.
a break at high energies, the BB model uses the synchrotron target, hence
the break is found at low energies. The normalisation (Becker and Biermann
2009; Argu¨elles et al. 2010) is given by
ABBν “
ϕν
ϕcr
ˆ
Γν
Γcr
˙ρp`1 τpγ
12
´mπ
4
¯ρp´2 pρp ´ 1qASGPCR
“ 1.4ˆ 10´10 GeV cm´2 s´1 sr´1 , (4.26)
with the normalisation for the cosmic ray spectrum in the supergalactic plane
as
ASGPCR “ Npą EminPAOqpEminPAOqρp´1
“ 4ˆ 1010 GeV cm´2 s´1 sr´1 . (4.27)
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The threshold energy of PAO is EminPAO “ 5.7 ˆ 1010 GeV. The integral flux of
the UHECR emission is measured from the number of events weighted by the
exposure of PAO at threshold energy, toNpą EminPAOq “ 7ˆ10´21 cm´2 s´1 sr´1.
4.2 High-Energy Neutrino Spectra from AGN Jets
Assuming UHE neutrinos originate in AGN jets following the scenario outlined
above we calculate the expected neutrino flux to be detected in observatories
on Earth. We use the prescription of Koers and Tinyakov (2008) (Sec. 4.1.3)
to model the production in the source. We compare the resulting neutrino
spectra to those calculated using the model of Becker and Biermann (2009)
(Sec. 4.1.4).
We assume single source neutrino energy spectra based on the two pro-
duction models and convolve these with the space densities of various AGN
classes that were calculated in Sec. 2.3. As the spectrum obtained corre-
sponds to the received flux, the emitted flux at source is related through a
shift corresponding to the redshift of the source. Then, the neutrino energy
upon production at source E is related to the observed energy E0 by
E “ p1` zqE0 . (4.28)
We calculate the neutrino spectrum in the source frame by integrating the
spectrum over redshift and luminosity. We want to investigate the contribu-
tion to the total diffuse neutrino flux at various cosmological epochs, hence
our integration limits are increments (za, zb) in the range 0 ă z ă 10. The
upper limit is assumed to account for possible sources well into the epoch of
reionisation. As seen in Ch. 2 however, the photon flux contributions from
sources beyond z „ 3 ´ 5 are dominated by the flux from nearby sources.
We also want to examine the contributions made in bins of source luminosity
(La, Lb), and therefore integrate in increments within the luminosity range
determined from the various source populations over the full redshift range.
The population-dependent luminosity ranges are summarised in Table 4.1.
Assuming a range of black hole masses 106Md ă MBH ă 1010Md and an
Eddington accretion rate of ξacc „ 0.1, we expect no AGN to be intrinsically
brighter than LmaxX « 1047 erg s´1. We set a lower bound on the intrinsic
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AGN X-ray Luminosity Bounds
Radio galaxies Blazars FSRQs BL Lacs
plog LXqmin 42.0 44.0 46.0
a 44.5
plog LXqmax 47.0 48.5 48.5 48.0
b
Table 4.1: AGN X-ray luminosity bounds for radio galaxies, blazars, and the subclasses of
blazars, FSRQ and BL Lac. The radio galaxy luminosity bounds are adopted from those of
the X-ray surveys of Hasinger et al. (2005); Silverman et al. (2008). For the blazar types,
the limits were set considering the intrinsic luminosity, and applying the beaming relation
to obtain the observed luminosity (see Sec. 2.5). a) Though beaming calculations gave
plog LXqmin “ 43.6, this limit is constrained due to calculations of the FSRQ XLF. b)
Beaming calculations gave plog LXqmax “ 48.6, but through the BL Lac XLF calculations,
this limit is lowered.
luminosity to LminX « 1040 erg s´1 to avoid contamination of the high redshift
AGN densities by other distant bright objects, e.g. X-ray binaries. X-ray
binaries, though commonly with luminosities around 1038 erg s´1, may show
beamed luminosities comparable to the fainter blazars. The neutrino flux in
the source frame is then
φmodel,sν “
ż Lb
La
ż zb
za
φmodelν pEq
dΨpL, zq
dL dVc
dVc
dz
dL dz . (4.29)
The contribution from the source density at a given redshift is given in the
luminosity function dΨ{dL dVc evaluated in the comoving volume element
dVc{dz. Taking into account cosmological effects, the propagation will affect
the observed intensity, Imodel,0ν “ E2νφmodel,0ν , as
I
model,0
ν “ p1` zq´4Imodel,sν . (4.30)
The power of four comes from the redshift distortions on the energy (Eqn.
4.28) and the Lorentz boost on the intensity of the emission due to the Lorentz
invariant quantity I{f 3 “ const. This causes the depletion of intensity received
at increasing redshift, as well as a shift of the break in the spectrum towards
lower energies. The break is due to the optical depth of the processes respon-
sible for neutrino production and is unity at the given energy in the source,
hence above this energy the spectrum will be flatter.
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A number of theoretical limits and constraints are set on the neutrino flux
from e.g. considering the UHECR energy spectrum. A commonly referenced
limit is that estimated by Waxman and Bahcall (1999); Waxman (2011) – the
so-called WB bound. However, experimental limits have been set by a number
of observatories as discussed in Sec. 1.3, which includes limits determined
from events observed by IceCube. We therefore compare our expected diffuse
neutrino spectra obtained through our calculations with the most constraining
limits set at a given energy (see Fig. 1.16); namely the IC-3yr sensitivity
(Aartsen et al. 2014b) for Eν ă 107 GeV, and the PAO-9yr limit (Aab et al.
2015) that covers energies up to about 1010 GeV. We will also show the derived
power-law neutrino spectrum (Aartsen et al. 2015b).
4.2.1 KT Neutrino Model Calculations
This model is outlined in Sec. 4.1.3, for which the FR-I AGN Cen A is assumed
to be a representative UHECR and neutrino producing AGN. The processes
which lead to neutrino emission occur in the core of the AGN, with the X-ray
photon field taken to originate in the corona surrounding the AGN nucleus.
We first calculate the observed Cen A neutrino spectrum predicted by
the model. Its redshift is estimated at a physical distance of Dp “ 3.4 Mpc,
with an X-ray disc luminosity of LCenAX “ 4.8 ˆ 1041 erg s´1, measured in the
2-10 keV band (Evans et al. 2004). Its distance, corresponding to a redshift
of z « 0.0008 (Wright 2006), can therefore be considered a local source (i.e.
z « 0). As the model described in Koers and Tinyakov (2008) has omitted
the exponential cutoff of the spectrum due to the maximum proton energy
achievable in the source, we assume an arbitrary cut-off of Emax “ 5ˆ1010 GeV,
at which the highest energy UHECR event is observed. The Cen A neutrino
flux (Eqn. 4.11) is then calculated as
φKT,CenAν pEνq “
ˆ
dNν
dEν
˙KT,CenA
“ AKT,CenAν
ˆ
Eν
1 GeV
˙´ρν
ˆmin
ˆ
1,
Eν
Ebr,ν
˙
exp
ˆ
´ Eν
Emax
˙
,
(4.31)
with the normalisation given in Eqn. 4.12. The neutrino spectral index is
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ρν “ 1.7. Fig. 4.3 shows the neutrino spectrum of Cen A calculated at
z “ 0, as well as calculated at various cosmological epochs within the assumed
redshift range (0 ă z ă 10). From the figure, it is evident that the observed
spectrum decreases in intensity with increasing redshift, and the break of the
spectrum shifts to lower energies. These features are due to the cosmological
effects suffered by the emission.
We adopt a luminosity scaling model to account for the variations in
AGN brightness. As the disc luminosity is a measure of the accretion rate,
the brightness is a measure of the power of the AGN. Therefore, the model is
based on the assumption that, with increasing brightness of the AGN, the rate
of neutrino production increases. Hence, we have a relation of X-ray (disc)
intensity to the neutrino intensity in Cen A as
ζCenA “
ˆ
Iν
IX
˙CenA
. (4.32)
The luminosity distance DL of a local source equals its physical distance Dp,
hence DL “ 3.4 Mpc “ 1.049 ˆ 1025 cm. The X-ray photon intensity of Cen
A is then ICenAX “ LCenAX p4πD2Lq´1 “ 3.47 ˆ 10´10 erg cm´2 s´1. For a given
X-ray luminosity we scale the neutrino emission of an AGN by that of Cen A
by
ζAGN “ ηζCenA , (4.33)
with the scaling parameter η, and
ζAGN “
ˆ
Iν
IX
˙AGN
. (4.34)
We therefore obtain the luminosity scaling for the AGN neutrino flux,
φAGNν “ φCenAν φ˜KT,LS (4.35)
with
φ˜KT,LS “ η L
AGN
X
LCenAX
. (4.36)
We assume the simplest case is a linear relation, and η “ 1. The linear
assumption then reflects our expectations of brighter AGN producing a higher
rate of neutrinos than their low-luminosity counterparts. If a source with X-
ray luminosity fixed at the KT reference luminosity (i.e. that of Cen A), is
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Fig. 4.3: Single source neutrino spectra expected from calculations based on the KT
production model. Left: The KT model reference source X-ray luminosity is that of Cen
A. As a local source, the expected neutrino flux from Cen A is given by the curve denoted
z “ 0 (black line). With increasing source location, the observed intensity is expected to
decrease due to cosmological effects. Right: The luminosity scaling of the KT single source
neutrino spectra is calculated at a fixed redshift (z “ 0). The black line corresponds to the
Cen A neutrino spectrum. The coloured lines represent sources with X-ray luminosities in
the range 40.0 ă logLX ă 47.0. Brighter AGN thus produce significantly higher intensities
of neutrinos than a lower-luminosity source using this luminosity scaling model.
located at increasing distances, the observed neutrino intensity of the source
will decrease according to Eqn. 4.30, and the break of the spectrum similarly
shifts to lower energies. Applying the X-ray luminosity scaling (Eqn. 4.35) on
the single source spectrum, fixed at z “ 0, shows how the scaling affects the
observed neutrino spectrum for sources of varying X-ray luminosities. Then,
the sources fainter than the KT reference X-ray luminosity will produce lower
neutrino emission than a source with brighter X-ray luminosity, illustrated in
the right panel of Fig. 4.3.
In Ch. 2 we calculated the space densities of various AGN popula-
tions, derived from X-ray surveys (Hasinger et al. 2005; Silverman et al. 2008;
Ajello et al. 2009). We estimated both the redshift and luminosity distribu-
tions, and we use these results to calculate the observed diffuse neutrino flux.
The contributions from various cosmological epochs are calculated by con-
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volving the neutrino production model with the AGN luminosity distributions
that were calculated in bins of redshift. We sum the contribution along the
luminosity distribution in bins of redshift, thus
φKTdiff,zν “ φAGNν ˆ
NAGNplogLXq
d logLX
ˇˇˇ
ˇ
zb
za
∆plogLXq , (4.37)
integrated over the luminosity range of the respective AGN populations. The
integration of luminosity was done over the respective range for each popula-
tion (Table 4.1) in log-luminosity. We then have a neutrino energy spectrum
in bins of redshift for each population. The sum of redshift contributions gives
the total diffuse neutrino flux expected to be observed by a detector on Earth.
We also calculate the flux contributions from each luminosity bin, follow-
ing
φKTdiff,Lν “ φAGNν ˆ
NAGNpzq
dz
ˇˇˇ
ˇ
logLb
logLa
∆z , (4.38)
integrated over the full redshift range. The resultant luminosity bin contribu-
tions for each AGN population are summed to obtain the expected total diffuse
neutrino spectrum. To ensure our calculations are done appropriately, the to-
tal diffuse spectra calculated from redshift and luminosity bins for a given
source population should coincide. In Figs. 4.4-4.8 the resulting spectra are
plotted for each population, which illustrates that in all cases the total diffuse
spectra obtained from the redshift and luminosity data do indeed agree. The
spectra are then compared with the IceCube experimental flux limit which, in
each case, is added to the plot.
We study the neutrino emission derived for Type-I and Type-II radio
galaxy populations. First we consider only Type-I RGs, that are unobscured
AGN. Second, we consider a mix of both Type-I and -II RGs, hence a mix
of observational characteristics, as these are both unobscured and obscured
AGN. In Ch. 2 we derived the space densities, and took into account the
radio-loud fraction – and of these, the “unseen” proportion – to obtain an
estimate of the total population extending redshifts 0 through 10. The X-ray
luminosity range considered for these populations is 42.0 ă logLX ă 47.0.
The relative trends of the neutrino emission from the redshift and luminosity
contributions are similar for the two populations, with the observed neutrino
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Fig. 4.4: Contribution to the diffuse neutrino energy flux from Type-I radio galaxies,
expected from the KT neutrino model. Total diffuse contributions from the populations
are represented by the black lines. The spectra are compared with experimental limits set
by IceCube and PAO. Left: Diffuse flux contributions from Type-I RGs at cosmological
epochs. Each spectral contribution is evaluated over the full range of luminosities, and the
sum gives the total diffuse flux. Right: Diffuse flux contributions from Type-I RGs in bins
of the X-ray luminosity of the source, evaluated over all cosmological epochs (0 ă z ă 10).
flux from Type-I RGs (Fig. 4.4) about an order of magnitude lower than for
the mixed Type-I and -II RG population (Fig. 4.5). This is expected as the
former population can be assumed a subset of the latter population.
The dominant epoch contributing to the diffuse neutrino emission is the
most local (0 ă z ă 1), with decreasing intensity towards lower redshifts.
With each subsequent epoch, the break in the spectrum is also shifted to
lower energies, thus the low-energy part of the neutrino spectrum contains
a comparable contribution from the epoch enclosed by 1 ă z ă 2. This is
most apparent in the spectra of Type-I RGs (Fig. 4.4). There is a greater
contribution from Type-I sources in the epoch enclosed by 2 ă z ă 4 than
from the mixed population, relative to other epochs. This becomes clear when
comparing to the redshift distributions of the AGN populations (Fig. 3.10),
where the former peaks slightly earlier than the mixed population.
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Fig. 4.5: Contribution to the diffuse neutrino energy flux from Type-I and -II radio galaxies,
expected from the KT neutrino model. Total diffuse contributions from the populations are
represented by the black lines. The spectra are compared with experimental limits set by
IceCube and PAO. Left: Diffuse flux contributions from Type-I and -II RGs at cosmological
epochs. Each spectral contribution is evaluated over the full range of luminosities, and
the sum gives the total diffuse flux. Right: Diffuse flux contributions from Type-I and -II
RGs in bins of the X-ray luminosity of the source, evaluated over all cosmological epochs
(0 ă z ă 10).
The dominant neutrino emitting RGs are those with X-ray luminosities
between 43.0 ă logLX ă 45.0, where sources on the bright end of that range
dominate the low-energy neutrino spectrum, i.e. before the break in Figs.
4.4 and 4.5. The neutrino spectra from the brightest RGs are almost two
orders of magnitude lower than spectra from sources located at epochs of
peak activities. The low neutrino emission of the brightest RGs therefore
reflect their low numbers and that peak activity occurs at higher redshifts,
given the luminosity scaling model we use (Eqn. 4.36). The dominant redshift
from each luminosity bin can also be deduced from the location of the break
and cut-off in the spectrum, as these shift to lower energies with increasing
redshift. The low neutrino emission from the faint sources (i.e. logLX ă 43.0)
is due to their intrinsically low luminosity. We know from studying the space
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densities of these sources that they are numerous, particularly at low redshifts.
The dominant contribution to the diffuse neutrino flux is therefore from
low-to-intermediate luminosity RGs, predominantly located in the local Uni-
verse, as predicted by the KT model. Nevertheless, the model predicts that
both populations are expected to produce a diffuse neutrino energy spectrum
which lies 5 to 6 orders of magnitude above the IceCube experimental limit.
The diffuse neutrino flux from the blazar population and the FSRQ and BL
Lac subclasses are presented in Figs. 4.6, 4.7, and 4.8. These were calculated
similarly to the radio galaxy neutrino spectra with one addition. Due to the
highly beamed emission from blazars, their observed luminosity is boosted
following the relation
LX “ δ̺L , (4.39)
where ̺ “ 3 ` αX (see Sec. 2.5). The spectral index αX for each blazar class
is given in Ajello et al. (2009), and we scale the neutrino spectrum by the
intrinsic luminosity in Eqn. 4.36.
The neutrino spectrum of the blazar population is dominated by sources in
the epoch 2 ă z ă 4 (Fig. 4.6). At the very highest energies, the local epoch
dominates the spectrum. The higher redshift contributions are shown with
decreasing intensity. Whereas the brightest blazars produce the least intense
neutrino emission, the dominant emission comes from 45.5 ă LX ă 46.0. The
spectral break shows that the brightest blazars are found at higher redshifts
than the fainter blazars. Though this population produces a lower-intensity
spectrum than those of the radio galaxy populations, it is about five orders of
magnitude above the IceCube limit.
The number density calculations of the FSRQ population greatly constrain
the luminosity range, reflecting that it is a high-luminosity population. It
makes up a large part of the total blazar population and traces the trends
shown in the neutrino spectrum for the blazars closely. It is known to be a
high-luminosity population of low space density, and predominantly found at
higher redshifts. This is reflected in the neutrino spectrum (Fig. 4.7), where
the dominant contribution is from the epoch within 2 ă z ă 4. Whereas
emission from the local Universe is prominent as well, the epochs surrounding
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Fig. 4.6: Contribution to the diffuse neutrino energy flux from blazars, expected from the
KT neutrino model. Total diffuse contributions from the populations are represented by
the black lines. The spectra are compared with experimental limits set by IceCube and
PAO. Left: Diffuse flux contributions from blazars at cosmological epochs. Each spectral
contribution is evaluated over the full range of luminosities, and the sum gives the total
diffuse flux. Right: Diffuse flux contributions from blazars in bins of the X-ray luminosity
of the source, evaluated over all cosmological epochs (0 ă z ă 10).
peak activity of z « 4 produce the majority of the neutrino emission from this
population. The FSRQ neutrino spectrum is dominated by the contribution
from the 46.0 ă LX ă 46.5 and, with each subsequent luminosity bin, the
intensity is decreasing. The FSRQ diffuse neutrino spectrum is about four
orders of magnitudes greater than the IceCube limit, which implies that this
high-luminosity population is also rejected in the KT model.
The BL Lacs are the low-luminosity counterparts of the FSRQs and are
detected mostly at lower redshifts, demonstrated by the number density cal-
culations in Ch. 2. By comparing the spectral break in the BL Lac neutrino
spectra binned in luminosity to the break in the FSRQ neutrino spectra, it
can be shown that the former is residing more locally than the latter popula-
tion.The diffuse neutrino spectrum from the population is greatly dominated
by local sources, with the neutrino intensity dropping rapidly with increasing
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Fig. 4.7: Contribution to the diffuse neutrino energy flux from FSRQs, expected from the
KT neutrino model. Total diffuse contributions from the populations are represented by
the black lines. The spectra are compared with experimental limits set by IceCube and
PAO. Left: Diffuse flux contributions from FSRQs at cosmological epochs. Each spectral
contribution is evaluated over the full range of luminosities, and the sum gives the total
diffuse flux. Right: Diffuse flux contributions from FSRQs in bins of the X-ray luminosity
of the source, evaluated over all cosmological epochs (0 ă z ă 10).
redshift. The neutrino spectra from the BL Lac population is dominated by
the lower luminosity bins, and decreases in intensity with increasing luminos-
ity. Given its low space density at higher redshifts and the low-luminosity
nature of the population it may not be surprising to see sources above z ą 2
falling below the IceCube limit. Given that the majority of the known BL Lac
population is local the model suggests that we may reject this population as
a possible neutrino producer as well.
4.2.2 BB Neutrino Model Calculations
This model is outlined in Sec. 4.1.4, and we follow the same method of cal-
culation to obtain the diffuse neutrino flux spectra as in Sec. 4.2.1. We as-
sume a generic neutrino single source spectrum based on this model, in which
Becker and Biermann (2009) consider FR-I AGN with the dominant photon
field being the synchrotron radiation at the base of the jet. As FR-I AGN are
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Fig. 4.8: Contribution to the diffuse neutrino energy flux from BL Lacs, expected from
the KT neutrino model. Total diffuse contributions from the populations is represented
by the black line. The spectra are compared with experimental limits set by IceCube and
PAO. Left: Diffuse flux contributions from BL Lacs at cosmological epochs. Each spectral
contribution is evaluated over the full range of luminosities, and the sum gives the total
diffuse flux. Right: Diffuse flux contributions from BL Lacs in bins of the X-ray luminosity
of the source, evaluated over all cosmological epochs (0 ă z ă 10).
brightest at the base of the jet, these sources would then be suitable for the
model. They also consider the blazars which are aligned FR-I AGN in the
viewing angle unification scheme.
The single source neutrino flux (Eqn. 4.25) is calculated as
φBB,ssν pEνq “
ˆ
dNν
dEν
˙BB,ss
“ ABBν E´ρνν exp
ˆ
´ Eν
Emax
˙
, (4.40)
where we have assumed a spectral cut-off at the energy corresponding to the
most energetic UHECR observed, Emax “ 5ˆ1010 GeV, and the normalisation
of the spectrum is given by
ABB,ssν “ 1.4ˆ 10´10 GeV cm´2 s´1 sr´2 . (4.41)
The normalisation of the spectrum, ABBν (Eqn. 4.26), incorporates a scaling
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relation of the X-ray disc luminosity to the neutrino flux. This is achieved
by using the jet-disc symbiosis model by Falcke and Biermann (1995). This
model relates the total jet power Ljet to the disc luminosity Ldisc through
simple energy conservation considerations in the accretion process. Then
κd´j “ Ljet
Ldisc
, (4.42)
where the parameter κd´j is between zero (if there is no jet), and infinity
(if there is no accretion disc), however Falcke and Biermann (1995) consider
κd´j À 1 to be reasonable. We adopt the value κd´j “ 0.15 from Becker et al.
(2005).
The relation between the jet power and the synchrotron luminosity of the
jet is estimated in Cavagnolo et al. (2010) from studies using Chandra (X-ray)
and Very Large Telescope (VLT) (radio) data. They find that
Ljet « 5.8ˆ 1043
ˆ
Lsynch
1040
˙0.7
erg s´1 . (4.43)
For a synchrotron luminosity of Lsynch “ 1040 erg s´1 the corresponding disc
luminosity is
Ldisc “ Ljet
κd´j
« 3.87ˆ 1044 erg s´1 , (4.44)
using Eqns. 4.42 and 4.43. We can then construct a luminosity scaling relation
between the disc luminosity (i.e. LX) and the synchrotron luminosity, by
rearranging Eqn. 4.43 to give
Lsynch « 2ˆ 10´24pLdiscq10{7 . (4.45)
We substitute this relation into the equation for the optical depth of the pγ
interactions in the jet synchrotron field, so that
τpγsynch “ djωjσpγnpεγsynchq (4.46)
“ ωjσpγǫknot
4π c Γj dj εsynch
2ˆ 10´24pLdiscq10{7 . (4.47)
We assume the fixed values given in Becker and Biermann (2009), discussed
in Sec. 4.1.4, and that τpγsynch “ 1. Hence, we can write
τpγsynch « 2ˆ 10´64pLXq10{7 , (4.48)
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where the X-ray luminosity LX represents the disc luminosity, and when it is
given by Eqn. 4.44 we ensure that τpγsynch “ 1. We substitute these relations
into the BB flux model, and obtain the single source neutrino spectrum given
by Eqn. 4.40, for an FR-I with reference X-ray luminosity, LBB1,ssX given by
Eqn. 4.44. The luminosity scaling for the AGN neutrino flux is then
φ˜BB,LS1 “
˜
LAGNX
L
BB1,ss
X
¸10{7
, (4.49)
and we calculate the AGN neutrino spectrum as
φAGNν “ φBB,ssν φ˜BB,LS1 . (4.50)
We assume a second scaling model, which was used in Becker et al. (2005)
to scale the radio luminosity in the knots of core dominated flat spectrum
sources to their disc luminosities. The scaling relation uses the disc-jet sym-
biosis model of Falcke and Biermann (1995); Falcke et al. (1995). The jet lu-
minosity at radio frequencies is given in Falcke et al. (1995) (in units of erg
s´1) as
Ls “ 6.7ˆ 1042δ2.17 sin0.17rθvspxe,100q0.83
ˆ pκd´jq1.42
ˆ
6
Γj
˙1.8ˆ
Ldisc
1046
˙1.42´ζ
(4.51)
« 3.27ˆ 10´15pLdiscq1.27 , (4.52)
where the Doppler factor of the jet is δ “ rΓjp1´βj cosrθvsqs´1, and the factor
xe,100 “ 1 accounts for the ratio of relativistic electrons to relativistic protons
in the jet. The index ζ “ 0.15 is an additional velocity scaling to the disc
luminosity due to the argument of accretion dependence of the bulk velocity
of the jet (Falcke et al. 1995). Then, for a source with radio luminosity of
1040 erg s´1 the corresponding disc luminosity is Ldisc « 1.04 ˆ 1043 erg s´1.
The optical depth can then be expressed as
τpγsynch « 2ˆ 10´55pLXq1.27 , (4.53)
and our second scaling model goes as
φ˜BB,LS2 “
˜
LAGNX
L
BB,ss
X
¸1.27
. (4.54)
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Fig. 4.9: Single source spectra calculated based on the BB neutrino production model,
for sources located at redshifts 0 ă z ă 10, for sources with LAGNX “ L
BB,ss
X . The black
line represents the BB reference flux. This flux corresponds to a single source reference
source luminosity of LX “ 3.9 ˆ 10
44 erg s´1 and LX “ 10
43 erg s´1, for the two scaling
models considered, BB1 and BB2 respectively (see text). With increasing redshift, there is
a corresponding decrease in intensity.
We follow the same method of calculation as we did for the KT model
calculations in Sec. 4.2.1. Fig. 4.9 shows the reference single source spectrum
derived for the BB model, for a reference source located at different cosmo-
logical epochs. The two scaling models used are denoted by BB1 and BB2,
with a reference luminosity of LX “ 3.9ˆ 1044 erg s´1 and LX “ 1043 erg s´1,
respectively. Compared to the single source spectrum of the KT model (Fig.
4.3) we find that the BB model single source neutrino spectrum is about one
order of magnitude less intense than that of the KT model, for which Cen A
is the reference source. Because the emission suffers the same cosmological
effects, the models predict the same scale of decreasing intensity, and shift of
the spectral cut-off to lower energies with increasing redshift.
The luminosity scaling is illustrated in Fig. 4.10. Due to the differences in
the luminosity scaling between the KT and BB model, the latter predicts the
neutrino spectrum for a given source luminosity over three orders of magnitude
lower than the spectrum expected in the KT model (Fig. 4.3). In addition, the
two scaling models applied to the BB model show that the BB1 calculations
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Fig. 4.10: Single source spectra calculated based on the BB neutrino production model,
for sources of different luminosities, evaluated at z “ 0. The plot on the left uses scaling
model 1 (Eqn. 4.49). The black line corresponds to the reference luminosity, LBB1,ssX «
3.9 ˆ 1044 erg s´1. The plot on the right uses the second scaling model (Eqn. 4.54), with
a reference luminosity of LBB2,ssX « 10
43 erg s´1 (black line). Both plots show neutrino
intensity increasing with increasing source luminosity however, due to differences in the
scaling models, the BB2 model produces significantly brighter neutrino luminosity than the
BB1 model for a given source luminosity.
produce a more prominent drop in intensity for a given source luminosity than
the BB2 calculations do (Fig. 4.10). Due to the power law on the luminosity
scaling model used for the BB1 model calculations (Eqn. 4.49), the change in
intensity is steeper in the BB1 model calculations than the BB2 and KT model
spectra. This indicates the importance of choosing an accurate luminosity
scaling model.
We follow the general diffuse neutrino flux calculations in bins of redshifts
and luminosity, given in Eqns. 4.37 and 4.38 respectively, to obtain the neu-
trino emission predicted by the BB model. The two luminosity scaling models
are applied, hence we show two sets of spectra for each AGN population. The
resultant spectra are plotted in Figs. 4.11-4.15, and show that the total flux
derived from contributions in redshift and luminosity bins agree.
The diffuse flux calculations for Type-I RGs are summarised in Fig. 4.11.
For both luminosity scaling models the intensity varies significantly more when
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Fig. 4.11: Contribution to the diffuse neutrino energy spectrum from Type-I radio galax-
ies, expected from the BB model calculations. The total diffuse flux from the population is
represented by the black line. The spectra are compared with experimental limits set by Ice-
Cube and PAO. The upper panels give the results using the BB1 scaling model (Eqn. 4.49),
whereas the lower panels correspond to the BB2 (Eqn. 4.54) calculations. Left: Diffuse
flux contributions from Type-I RGs at cosmological epochs. Each spectral contribution is
evaluated over the full range of luminosities. Right: Diffuse flux contributions from Type-I
RGs, in bins of X-ray source luminosity, evaluated over the full redshift range.
we look at contributions from redshift bins rather than luminosity bins. For
both models the local epoch (0 ă z ă 2) dominates the total flux, and the most
distant epoch (8 ă z ă 10) contributes least, with three orders of magnitude
difference. Similarly, sources with X-ray luminosities enclosed by 44.0 ă LX ă
45.0 dominate the total flux when evaluated over the full redshift range for
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both luminosity scaling models.
In the panels summarising the contributions based on source luminosity
(right hand side of Fig. 4.11) we see that the luminosity scaling model is an
essential factor in the determination of neutrino spectra. Due to the reference
X-ray luminosity of the BB1 scaling model being much greater than that of
the BB2 model, the first model more efficiently suppresses the contribution
from the abundant low-luminosity sources relative to the bright ones. Because
the scaling index of the BB1 model is greater than that of the BB2 model
(1.43 and 1.27, respectively), the model also enhances the bright contribution
in addition to a steeper suppression of faint sources.
The resulting diffuse spectrum from Type-I RGs exceed the IceCube flux
limit by 1.5 to 3.5 magnitudes in the case of the BB1 and BB2 calculations,
respectively. Whereas the BB1 model produces spectra for which sources
beyond z “ 4, 43.0 ă logLX and logLX ą 46.0 fall below the IceCube limit,
essentially all contributions resulting from the use of the BB2 scaling exceed
it. Similarly to the result of the KT model on this population, the BB model
suggests that this population can be rejected as neutrino producers.
Similarly to the resulting neutrino spectra for the KT model, the mixed
Type-I and -II population produce a diffuse neutrino spectrum which is com-
parable to that of the unobscured Type-I population, but scaled up by just
under one order of magnitude. The results are plotted in Fig. 4.12, and show
that the contributions from each cosmological epoch is decreasing in intensity
with increasing redshift, with the dominant epoch enclosed by 0 ă z ă 1, i.e.
the most local sources. Only sources beyond z “ 4 fall below the IceCube limit
for Type-I and -II RGs with the BB1 scaling; however, source contributions
from all epochs exceed the limit for the BB2 model. The cut-off in the spec-
trum is also seen to shift to lower energies with higher redshift, as is expected
due to cosmological effects on the emission.
The source luminosity bin dominating the neutrino spectrum is 44.0 ă
logLX ă 45.0, with the scaling models producing slight variations in the dom-
inance of the faint sources. The BB1 scaling, as we saw with the Type-I
neutrino spectra, suppresses the contribution from faint sources, therefore the
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Fig. 4.12: Contribution to the diffuse neutrino energy spectrum from Type-I and -II
radio galaxies, expected from the BB model calculations. The total diffuse flux from the
population is represented by the black line. The spectra are compared with experimental
limits set by IceCube and PAO. The upper panels give the results using the BB1 scaling
model (Eqn. 4.49), whereas the lower panels correspond to the BB2 (Eqn. 4.54) calculations.
Left: Diffuse flux contributions from Type-I and -II RGs at cosmological epochs. Each
spectral contribution is evaluated over the full range of luminosities. Right: Diffuse flux
contributions from Type-I and -II RGs in bins of X-ray source luminosity, evaluated over
the full redshift range.
dominant emission comes from mid- to high-luminosity sources. The BB2
model, in addition to producing overall enhanced spectra, produce a much
stronger contribution from faint sources. Since the total diffuse emission lies
well above for all resulting calculations (up to two orders of magnitude for the
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Fig. 4.13: Contribution to the diffuse neutrino energy spectrum from blazars, expected
from the BB model calculations. The total diffuse flux from the population is represented by
the black line. The spectra are compared with experimental limits set by IceCube and PAO.
The upper panels give the results using the BB1 scaling model (Eqn. 4.49), whereas the
lower panels correspond to the BB2 (Eqn. 4.54) calculations. Left: Diffuse flux contributions
from blazars at cosmological epochs. Each spectral contribution is evaluated over the full
range of luminosities. Right: Diffuse flux contributions from blazars in bins of X-ray source
luminosity, evaluated over the full redshift range.
Type-I and -II RG population) and since these sources are known to exist in
the local Universe, the comparison with the IceCube limit implies that these
populations are not sources of high-energy neutrinos. The shift of the spectral
cut-off again reflects that the brightest sources are found at higher redshifts
and that the low-luminosity RGs are predominantly local.
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The diffuse neutrino flux from the blazar population (Fig. 4.13) are cal-
culated using the intrinsic X-ray source luminosities when scaling the spectra.
Again we applied the two luminosity scaling models, presented as BB1 and
BB2, referring to the model in Eqn. 4.49 and Eqn. 4.54 respectively. We
find that the dominant cosmological epoch reflects the peak activity of the
population in the 2 ă z ă 4 range. Whereas the RG population contribu-
tions decreased with increasing epoch, the blazar population in the epochs
of 1 ă z ă 2 and 4 ă z ă 6 contributes more than the most local epoch.
This is not surprising as the local space density of blazars is low. Dominant
sources have X-ray luminosities of 45.5 ă logLX ă 46.5, with the faintest and
brightest bins carrying the lowest contribution of neutrino intensity.
Again, the blazar neutrino spectra highlight the importance of a well-
defined luminosity scaling model. Whereas the BB1 scaling results in a total
neutrino flux falling below the IceCube limit, the BB2 model shows the total
blazar neutrino intensity of nearly two orders of magnitude in excess of the
limit. Following the BB1 scaling model, the population can be considered as
possible neutrino producers, but the BB2 model would indicate we can reject
the population.
The diffuse neutrino flux contribution from FSRQs (Fig. 4.14) follows
closely that of the full blazar population. The dominant contribution to the
neutrino flux is similarly in the 2 ă z ă 4 epoch, with the 1 ă z ă 2 and 4 ă
z ă 6 epochs following in decreasing intensity. The luminosity bin responsible
for the majority of the neutrino emission is the 46.0 ă logLX ă 46.5 bin, with
decreasing intensity towards brighter sources. Given the FSRQ population is
a high-luminosity population, this reflects the trends seen for the bright blazar
sources in Fig. 4.13.
BL Lacs are low-luminosity blazars, and are often found to evolve nega-
tively, if at all, in AGN surveys (Ch. 2, see e.g. Ajello et al. 2009). We find,
using our derived space densities of this population, the diffuse neutrino flux
is fully dominated by the local epoch (0 ă z ă 1) and rapidly decreases with
increasing redshift (Fig. 4.15). This reflects the local dominance of BL Lac
sources over FSRQs when considering the total blazar population.
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Fig. 4.14: Contribution to the diffuse neutrino energy spectrum from FSRQs, expected
from the BB model calculations. The total diffuse flux from the population is represented by
the black line. The spectra are compared with experimental limits set by IceCube and PAO.
The upper panels give the results using the BB1 scaling model (Eqn. 4.49), whereas the
lower panels correspond to the BB2 (Eqn. 4.54) calculations. Left: Diffuse flux contributions
from FSRQs at cosmological epochs. Each spectral contribution is evaluated over the full
range of luminosities. Right: Diffuse flux contributions from FSRQs in bins of X-ray source
luminosity, evaluated over the full redshift range.
Due to the low-luminosity nature of the population, it is dominated by
the faintest of the luminosity bins, with decreasing intensity towards higher
luminosity. The spread is small in terms of the contribution from the lumi-
nosity bins, and more so when applying the BB1 scaling model rather than
the BB2 model. In both models the BL Lac population produce a neutrino
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Fig. 4.15: Contribution to the diffuse neutrino energy spectrum from BL Lacs, expected
from the BB model calculations. The total diffuse flux from the population is represented by
the black line. The spectra are compared with experimental limits set by IceCube and PAO.
The upper panels give the results using the BB1 scaling model (Eqn. 4.49), whereas the
lower panels correspond to the BB2 (Eqn. 4.54) calculations. Left: Diffuse flux contributions
from BL Lacs at cosmological epochs. Each spectral contribution is evaluated over the full
range of luminosities. Right: Diffuse flux contributions from BL Lacs in bins of X-ray source
luminosity, evaluated over the full redshift range.
flux below the IceCube flux limit, hence it is the only population that can be
considered a possible neutrino machine from the BB model analysis, regardless
of scaling model applied. Though the BL Lacs are the most abundant of the
blazar population, the BB model predictions show that the FSRQ population
contributes far more to the diffuse neutrino flux background. This reflects the
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scaling model where we assume that brighter AGN produce neutrinos at a
higher rate.
4.3 Cosmological Diffuse Neutrino Flux Results
The resultant energy spectra obtained from the KT model analysis is shown
in Fig. 4.16, and the results from the BB model calculations are summarised
in Fig. 4.17. For each AGN population the total diffuse neutrino spectrum
derived from the redshift analysis agrees with that from the luminosity analy-
sis, as is illustrated in the figures. For each population we see that the energy
spectra derived from the luminosity analysis trace the redshift derived spectra,
hence we know that the two methods of calculation agree. The total flux for
each AGN population is compared with the IceCube and PAO flux limits, as
was done in the individual plots.
We find that the KT model suggests all AGN populations are rejected
as possible neutrino producers. Our calculations show that the model over-
estimates the resultant flux levels compared to the flux limits. From the
individual bins, we found that nearly no single contribution fell below the flux
limits, except some of the less populated BL Lac bins (i.e. the very distant and
very bright). The dominant contribution is from the most local redshifts, and
intermediate to low-luminosities. The model may therefore be overestimating
the neutrino flux from Cen A, carrying on the estimate to the diffuse flux
prediction.
The BB model predicts significantly lower neutrino flux from the various
AGN populations – up to five orders of magnitude, depending on the scaling
model used. The BB1 scaling model calculations show that all blazar sources
produce neutrino flux below the flux limits, although the BB2 scaling results
in slightly elevated neutrino spectra which leads to excluding all AGN popula-
tions as neutrino producers, except for the BL Lac population. In both model
analyses the radio galaxy populations may be excluded as a possible origin of
high-energy neutrinos.
The difference between the three resulting spectrum calculations show that
the scaling relation between the X-ray source luminosity and the neutrino
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Fig. 4.16: The total diffuse neutrino flux from all AGN populations considered. The solid
lines represent the total flux calculated from the redshift analysis, whereas the overplotted
dotted lines represent the calculated flux from the luminosity analysis. The spectra are
compared with experimental limits set by IceCube and PAO. The KT model overestimates
the flux from all populations. The dash-dotted line corresponds to the IceCube best-fit
diffuse neutrino spectrum (Aartsen et al. 2015b), given in Eqn. 1.58.
luminosity is crucial. The three scalings in the KT, BB1 and BB2 models
gave three widely different reference source luminosities; the Cen A luminosity
LKTX “ 4.8ˆ 1041 erg s´1, LBB1X “ 3.9ˆ 1044 erg s´1, and LBB2X “ 1043 erg s´1
respectively. Furthermore, the KT scaling model used a linear relation whereas
the BB scaling models used power laws of indices 1.43 (BB1) and 1.27 (BB2).
This scaling affects the neutrino production efficiency of AGN brighter and
fainter than the respective single-source X-ray luminosity, evaluated at a given
redshift, as shown in Fig. 4.18.
Overall the BB model prescription produces a lower neutrino flux than
that of the KT model. The scaling models show that that of the BB1 calcula-
tions favours the bright over the low-luminosity sources. This trend is weaker
in the BB2 model, and the KT scaling favours the fainter sources.
In the case of the KT model, which assumes Cen A as a representative of
a population of AGN producing high-energy neutrinos, the luminosity scaling
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Fig. 4.17: The total diffuse neutrino flux from all AGN populations considered. The solid
lines represent the total flux calculated from the redshift analysis, whereas the overplotted
dotted lines represent the calculated flux from the luminosity analysis. The spectra are
compared with experimental limits set by IceCube and PAO. We find that the left hand
BB1 model produces neutrino energy spectra significantly more consistent with the IceCube
limit, with the entire blazar population as possible neutrino producers. The BB2 model
predicts that BL Lacs are considered efficient neutrino machines consistent with the flux
limit. The dash-dotted line corresponds to the IceCube best-fit diffuse neutrino spectrum
(Aartsen et al. 2015b), given in Eqn. 1.58.
may apply only to Cen A and not the general AGN population. If this main as-
sumption of the model is incorrect, and Cen A is not a typical AGN producing
high-energy neutrinos, the calculations show that Cen A may be an extraor-
dinarily efficient neutrino producing AGN, as is noted by Koers and Tinyakov
(2008). Scaling the diffuse neutrino flux with the emission from Cen A will
then naturally lead to an overestimate.
However, the model is based on the UHECR correlations to the vicinity
of Cen A, and this link between UHECRs and neutrinos in the model may
offer another incorrect assumption. The UHECR correlation with Cen A in-
dicated the PAO observed events may have been accidental, as discussed by
Lemoine and Waxman (2009). They suggest that FR-Is, and BL Lacs by ex-
tension in the AGN unification model, are incapable of accelerating protons or
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Fig. 4.18: Neutrino efficiency of KT and BB single source spectra evaluated at z “ 0. Solid
lines give the neutrino flux spectrum from the the reference source for each model. The X-
ray luminosity of the BB1 source is logLX “ 44.59; that of the BB2 source is logLX “ 43.00;
and that of KT is Cen A-like, with logLX “ 41.68. To illustrate the scaling model, we plot
the neutrino output from sources with logLX “ 40.00 (dashed lines) and logLX “ 47.00.
The scaling of the KT model favours the faint sources. The BB1 model favours the brighter
sources, as does the BB2 model, but the trend is weaker than for the BB1 model.
nuclei to necessary energies because their magnetic luminosities are too low.
The model of Reynoso et al. (2011) would to some extent support the lower
energy of the primary protons, and estimate the maximum proton energy in
Cen A is ECenAp,max „ 107 GeV. A source which may provide a better reference is
the local M87 source, which is explored in Jacobsen and Saxton (in prep.).
We assume the XLF prescriptions derived from the X-ray surveys are
correct, and the results presented in this section are calculated using the
best-fit parameters derived from statistical methods in Hasinger et al. (2005);
Silverman et al. (2008); Ajello et al. (2009). As seen in Fig. 3.2, we obtained
evolutionary tracks from interpolating between the data points which we ex-
tracted from the relevant plots in Silverman et al. (2008). Though the lumi-
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Fig. 4.19: Diffuse fluxes from Type-I and -II using the MPLE model to calculate the
number densities. This model gives significantly different evolutionary tracks from the
LDDE model, and are similar to the tracks from interpolating extrapolated points (see Fig.
3.16a). The total diffuse neutrino fluxes do however not differ from those derived from the
number density of Type-I and -II AGN as expected; the dominant emission comes from
local sources, and the local evolution of AGN is approximately the same for both XLF
calculations.
nosity bin of the faintest sources cannot be derived, we see that the brighter
bins give much steeper evolutionary tracks towards higher redshifts. These
tracks closely follow the MPLE model tracks that we show in Fig. 3.16a.
Hence, we have calculated the neutrino output with this model to see if the
large discrepancy between the flux limits and neutrino flux from Type-I/II
AGN is lowered. As seen in Fig. 4.19, this still does not solve the issue, as
the majority of the neutrino producing sources are local, and the difference
between the MPLE and LDDE prescriptions is the cutoff at higher redshifts.
If FSRQs are producing the neutrinos, this poses another issue.
Kotera et al. (2010) have ruled out FR-IIs as UHECR sources, in which
case cosmic ray normalisation of the neutrino spectra will not be possible.
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There may however be neutrino emission from these sources if the UHECR
emission is absorbed before propagating out of the source or local environment.
Other avenues of normalisation must be made, e.g. the X-ray luminosities as
we have done in this chapter, or a relation with γ-ray luminosity of blazars
(Dermer et al. 2014).
We introduce a scale factor attributed to the fraction of the AGN popu-
lation capable of producing neutrinos, so that the number of AGN which are
neutrino machines is given by ηNAGN. The scale factor may also represent a
difference in the duty cycle between the neutrino and X-ray generation. This
is also a plausible explanation to the overestimated spectra, as the spectra are
scaled with the X-ray luminosity. In this case, the scale factor represents the
fraction of the X-ray lifetime that the AGN produces neutrinos.
Whereas the scale factor introduced to the KT model spectra is, for the
radio galaxy emission around seven orders of magnitude, the one for the BB
model spectra is only one or two orders of magnitude. This would imply
that some of the assumptions made in the calculations of the KT model are
incorrect, given that the same AGN source sample was used for both sets of
calculations.
In calculating the AGN populations, we took into account the fraction
of “unseen”, too faint or misaligned sources. Therefore, the population sizes
should reflect the full population, regardless of observational biases. In the
AGN unification model, the parent populations of the blazars are considered
to be FR-I and FR-II radio galaxies. Hence, our estimated 10% of the AGN
samples surveyed in Hasinger et al. (2005) and Silverman et al. (2008) to be
considered as radio galaxies may have been too generous as the AGN were
X-ray selected – i.e. tracing the disc luminosity, and was therefore blind to
radio-loudness of the sources.
4.4 Conclusion
The diffuse neutrino fluxes we have calculated using the model prescription
of Koers and Tinyakov (2008) and Becker and Biermann (2009) and the data
from current state-of-the-art X-ray surveys of AGN exceed the observational
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flux limits set by IceCube and PAO. This implies the following (Jacobsen et al.
2015):
• Cen A may not be a typical neutrino producing AGN, as is commonly
assumed. If Cen A is exceptionally efficient in producing high-energy
neutrinos the scaling of the neutrino fluxes leads to an overestimated
diffuse flux, shown in our calculations (Fig. 4.16). As the models are
motivated by the correlation between UHECRs and local AGN, an acci-
dental correlation between Cen A and UHECR events would lower the
estimate in the KT model.
• A universal scaling model between neutrino luminosity and the accretion
power (i.e. X-ray luminosity) does not apply across all AGN classes.
This requires a more complex scaling model, with a dependence on AGN
types. We have used a linear (KT) and power law (BB1 and BB2) scaling
model prescription, whereby the steepest scaling given by the BB1 model
suppresses the contribution from the locally abundant low-luminosity
sources. This model therefore enhances the neutrino contribution from
the epoch coinciding with the peak activity of bright AGN (2 ă z ă 4).
• Some AGN are not neutrino sources, or their production efficiency is
negligible. There may be a power threshold, above which the accel-
eration of charged particles is efficient, and neutrino production is al-
lowed to occur. Low-luminosity FR-Is may not be sufficiently pow-
erful to generate a population of particles with energies of 1020 eV
(Lemoine and Waxman 2009). The unification of FR-Is with BL Lacs
would then rule out this blazar subclass as well. Energy loss calculations
of the jet of Cen A find that the maximum proton energy does not ex-
ceed 107 GeV (Reynoso et al. 2011), which is supported by indications
of lower Lorentz factors in FR-Is than in FR-IIs (Dermer et al. 2014).
FR-IIs are unfavoured as UHECR producers (Kotera et al. 2010), and if
FR-IIs are the parent population of FSRQs, then a correlation between
neutrino and CR emission may be weak or negligible. A highly efficient
jet environment could lead to the decay of the UHECR population be-
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fore escaping the confinement, implying that only neutrinos would be
observable.
• Neutrino production and X-ray emission have different duty cycles.
There may exist an alternating duty cycle of the baryonic and leptonic
flows in the jets, or neutrino production could occur during a fraction of
the X-ray lifetime of the AGN.
• It is a combination of some of the above.
The need for a more detailed neutrino model to estimate the neutrino
evolution is clearly needed, for which the processes within the source may be
more closely monitored. Additionally, the analysis of the BB model provided
a comparison of luminosity scaling models which highlights the importance of
an accurate scaling of the neutrino emission. In our case we use the link to
the accretion power of the AGN nucleus through the disc (X-ray) luminosity,
and find that the linear case with Cen A as a reference gives spectral emission
at a much higher level than the scaling models based on the jet-disc symbiosis
model.
We see from the two model (KT and BB) calculations that the spectral
features of the neutrino flux can provide valuable insight to the sources they
come from. With increasing detections in a more detailed observed neutrino
flux spectrum may be constructed. An analysis following the above will then
be able to look at the possible luminosities and cosmological epochs of the
sources.
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Chapter 5
Blazar Neutrino Luminosity Function
Blazars are possible neutrino machines (Ch. 4), estimated from two neutrino
production models convolved with the radio-loud fraction of X-ray detected
AGN, where we consider both radio galaxies and blazars. We extend the work
towards the construction of a neutrino luminosity function for blazar sources
(BνLF). Blazars are suitable laboratories for the study of the jet processes
through their highly beamed luminosity and well-defined SEDs, allowing a
further investigation of the distribution of high-energy neutrinos over several
cosmological epochs and luminosity bins.
The two production models considered (Koers and Tinyakov 2008;
Becker and Biermann 2009) were motivated by the correlation of nearby
AGN with UHECR events detected by PAO. The observed UHECR flux was
used to normalise the neutrino spectrum, assuming the inherent link between
cosmic ray and neutrino emission. The neutrino spectrum follows the ob-
served cosmic ray spectrum. The power-law cosmic ray spectrum indicates an
acceleration mechanism within the jet, such as shocks; hence, the spectrum
of neutrinos is derived from the relativistic proton population, and scaled by
branching ratios of their interactions with radiation fields.
The construction of a BνLF requires further development of the corre-
lation between neutrino production and jet physics, such as the γ-ray lumi-
nosity and evolution of the jet structure. In the following we discuss some
general properties of the blazar population (Sec. 5.1) and establish the neces-
sary jet physics, such as the relation between the jet power and the accretion
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power of the central engine, and the energy distributions in the jet (Sec. 5.2).
Using the prescription of the lepto-hadronic production model presented in
Reynoso et al. (2011), we investigate variations which may appear in the jet
across the blazar sequence. In this way we may determine more accurately
how neutrino production is dependent on details of the jet physics. In Secs.
5.3 we discuss the relevant radiative processes in blazar jets. The energy loss
processes in jets are central to the determination of the eventual neutrino flux
emitted in these sources.
A number of models of hadronic emission are briefly summarised in Sec.
5.4. We use the prescription of the lepto-hadronic model (Reynoso et al. 2011)
to calculate energy losses for typical sources along the blazar sequence (Sec.
5.5). This establishes a first approach to the study of neutrino production
efficiencies across the blazar sequence (Jacobsen et al. in prep.).
A second approach is investigated in Sec. 5.6, where we build on the
simple luminosity scaling models used in Ch. 4. Using the resultant single-
source neutrino spectra calculated for Cen A in Reynoso et al. (2011), we
invoke scaling models with a parameter η ‰ 1, including dependencies on
redshift. We present the results of this study in Sec. 5.7.
5.1 General properties of the blazar population
Variations in neutrino production efficiencies across the blazar sources can be
investigated considering trends in the properties of the blazar sub-classes. The
blazar sequence is an observed trend in the emission of blazar sources, giving
rise to a SED classification scheme (see Sec. 2.1). The shape of the SED gives
clues into the processes within the jet, and is characterised by two prominent
peaks (see Fig. 2.4). At lower energies it peaks in the radio, due to synchrotron
emission of relativistic electrons travelling in the jet magnietic field. The high-
energy peak is prominent in γ-rays, and is either of leptonic origin (through
inverse Compton scattering on relativistic electrons), or hadronic in origin
(through the decay of neutral pions).
As described in Sec. 2.1, both the synchrotron peak and the γ-ray peak
shift to lower energies along the sequence (HBL towards FSRQ). The high-
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energy peak in the γ-ray band is found to increasingly dominate over the
low-energy peak in the SED with increasing source luminosity, as the γ-ray
luminosity is a tracer of the bolometric luminosity.
Each of the blazar populations along the sequence are furthermore seen
to vary in both luminosity and cosmological evolution. These evolutions are
highlighted in estimates of the space density for sources along the sequence
(Ajello et al. 2012, 2014, see also Sec. 3.5).
Setting constraints on neutrino production in AGN jets using the proper-
ties described across the blazar sequence will therefore indicate the evolution of
the high-energy neutrinos, and therefore also shed light on the blazar popula-
tion, and by extension the radio-loud AGN population. The jet composition is
unknown, and neutrinos are therefore prime candidates for its determination,
as neutrino emission implies a hadronic origin.
5.2 Jet Power
The AGN emission is driven by accretion onto its central supermassive black
hole. If the accreting matter has non-zero angular momentum, an accretion
disc may form. The conversion of rest-mass energy converted to radiation is
determined by the mass accretion rate, 9M ,
Lrad “ ξrad 9Maccrc2 , (5.1)
where the efficiency factor ξrad gives the fraction of converted energy, and is
assumed of the order ξrad „ 0.1. Luminosity is therefore directly determined
by the mass of the central SMBH. The Eddington luminosity is the upper limit
to the radiative output by an accreting black hole, determined by the gravi-
tational and radiative forces in hydrostatic equilibrium. Assuming hydrogen
plasma, it is then given by
LEdd “ 4π G M‚ mpc
σT
(5.2)
“ 1.26ˆ 1038
ˆ
M‚
Md
˙
erg s´1 . (5.3)
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Mass accretion - luminosity relation
logpM‚ rˆMdsq logpLEdd rerg s
´1sq 9MaccrrMd yr
´1s
6.0 44 „ 10´3
7.0 45 „ 10´2
8.0 46 „ 10´1
9.0 47 „ 1
Table 5.1: Mass accretion - luminosity relation. The mass of the black hole is directly
linked to the luminosity of the source. The link between the mass accretion power of the
central black hole is therefore correlating to the emission. See text for details.
The corresponding mass accretion rate is
9MEdd “ LEdd
c2
(5.4)
“ 2.22ˆ 10´9
ˆ
M‚
Md
˙
Md yr
´1 . (5.5)
The relation between black hole mass and luminosity is summarised in Table
5.1. The total power generated in a radio-loud AGN will broadly be distributed
to the accretion disc, the jets, and some fraction will be advected into the black
hole, so that:
Ldisc “ ξdisc 9Maccrc2 (5.6)
Ljet “ ξjet 9Maccrc2 (5.7)
Ladv “ ξadv 9Maccrc2 . (5.8)
For simplicity we assume the advected component is negligible or independent
of the mass accretion rate. We then have
Ljet 9 LEdd 9 Ldisc , (5.9)
and
Ljet “ ξjet
ξdisc
Ldisc . (5.10)
Studies on the correlation of the jet luminosity and that of the disc have
formed the foundation of the jet-disc symbiosis model (Falcke and Biermann
1995; Falcke et al. 1995). Also later studies have found correlations to
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the mass accretion rate, with differences seen in blazar classes implying
some variation of the accretion efficiency (e.g. Sbarrato et al. 2014, see also
Ghisellini and Tavecchio (2008) and references therein).
The fraction of the kinetic power in the jet which originates in these
relativistic particles is given as Lrel “ ξrelLkin. Assuming a neutral jet plasma,
there is one proton for each electron; however, the power carried by the two
populations may be expressed by
ξe,p “ Lp
Le
, (5.11)
and for a hadronic jet ξe,p ą 1 (Vila and Romero 2010).
Jet formation is commonly accredited to magnetically driven accelera-
tion (e.g. Blandford and Payne 1982; Sauty et al. 2002; Marscher 2009; Spruit
2010). The magnetic field lines threading the accretion disc is wound up in a
helix, either due to the differential rotation of the ergosphere around the black
hole (e.g. Blandford and Znajek 1977) or the inner accretion disc (or both).
The magnetic pressure is lowered as the field expands travelling away from the
black hole, which causes magnetic stresses to accelerate the flow along the jet
axis. For the jet to become relativistic, the magnetic energy density must be
much larger than the rest mass energy density, and the jet is initially Poynt-
ing flux dominated (Sikora et al. 2005; Marscher 2009). Internal instabilities
are driven by the current flow in the jet, heating the plasma, resulting in the
conversion of Poynting flux to kinetic energy density (e.g. Hardee 2006, and
references therein). The details of this transition in AGN jets are not fully
understood.
The acceleration process is halted when there is equipartition between
the energy densities of the kinetic and magnetic jet components. The energy
density of the magnetic field is
UB “ B
2
8π
. (5.12)
The kinetic component includes the electron and proton populations, with
energy densities
Ui “ γimic2 ni , (5.13)
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where ni is the number density of the particle population, and the particle
energy given by Ei “ γimic2. The power of the jet can be expressed in terms
of the energy densities Ui of the kinetic and magnetic components (Ghisellini
2013) by
Pj “ πR2j Γ2j βjc pU 1B ` U 1kinq , (5.14)
in comoving jet frame, from here on assigned to primed variables. The bulk
Lorentz factor and jet speed are given by Γj and βjc, respectively. The size of
the jet is given by the radius Rj.
The jet energy content therefore has both a kinetic and magnetic compo-
nent, i.e.
Ljet “ Lkin ` LB , (5.15)
The kinetic luminosity is given in terms of the mass loading rate in the jet,
9Mj,
Lkin “ pΓj ´ 1q 9Mjc2 , (5.16)
When equipartition occurs Lkin “ LB, hence
Lkin “ Ljet
2
“ ξjet
2
LEdd . (5.17)
The launch of the jet is thought to occur at sub-pc scales, anchored in the
inner accretion disc, close to the central black hole. The gravitational radius
gives a length scale
Rg “ GM‚
c2
, (5.18)
The jet is formed no more than a hundred gravitational radii from the cen-
tral SMBH (Komissarov 2011). Assuming the launch is in the region of the
black hole ergosphere, Reynoso et al. (2011) takes the jet launch to occur at
50 Rg. The structure of the magnetic field is initially helical; however, the
current-driven instabilities in the jet will lead to a more chaotic arrangement,
as the jet content transitions from being magnetically dominated to kinetically
dominated.
The magnetic field strength decays with the expansion of the jet, as a ratio
of the jet radius at a distance dj to the base of the jet flow, dj,0; Rj{Rj,0. The
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Fig. 5.1: The structure of the magnetic field is sensitive to the distance along the jet,
represented by the index ϑ (Eqn. 5.19). As 1 ă ϑ ă 2, we plot the structure of the field
with a low dependence on distance along the jet (ϑ “ 1.0, dotted) and high dependence
(ϑ “ 2.0, dash-dotted). The solid line represents the magnetic field with a dependence
following ϑ “ 1.5.
radius can be expressed, in terms of the radial distance dj and the half-opening
angle ωj, as Rj “ dj tanpωjq. Then
B “ B0
ˆ
dj
dj,0
˙´ϑ
. (5.19)
In an axisymmetric structure, the toroidal component of the magnetic field
decays slowly, as BK 9 d´1j , whereas the poloidal component decreases as
B‖ 9 d´2j (e.g. Spruit et al. 1997; Heinz and Begelman 2000; Spruit 2010;
Komissarov 2011). The structure of the magnetic field along the jet can there-
fore be modelled with an index ϑ P p1, 2q (see Reynoso et al. 2011, see also
Fig. 5.1).
Given equipartition the initial magnetic field strength Bj,0 can be derived,
as UB “ Ukin in this region. The kinetic energy density can be expressed (see
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Eqn. 5.13) as
Ukin “ Lkin
πd2j βjc
, (5.20)
and the magnetic energy density is given in Eqn. 5.12, so that
B0 “
d
8Lkin
d2j,0 βjc
, (5.21)
(see also Reynoso et al. 2011). The velocity of the jet is vj “ βjc.
As the jet reaches high bulk speeds (i.e. a large Γj), the magnetically
driven acceleration and the conversion to a kinetically dominated jet slows
down. A jet can therefore have either a high energy conversion rate, or large
jet speed (Spruit 2010).
Assuming an initial Lorentz factor at the point of jet launch, Γj,0 “ Γjpdj,0q,
the evolution of the Lorentz factor can be determined from the equipartition
of the magnetic and kinetic energy density at this point. Conservation of
energy gives a relation between the energy densities. At the launching point
Ukin ` UB “ 2UB. Therefore,
∆d πR2j pUkin ` UBq “ ∆d πR2j,0 2UB . (5.22)
Using the expressions for the magnetic jet structure (Eqn. 5.19) and the energy
density of the magnetic field (Eqn. 5.12), the kinetic component is given by
Ukin “
B2j,0
8π
ˆ
dj,0
dj
˙2 «
2´
ˆ
dj,0
dj
˙2ϑ´2ﬀ
. (5.23)
As the kinetic component can be described as in Eqns. 5.16 and 5.20, where
ΓjpΓj ´ 1q
Γj ` 1 “
pB0Rj,0q2
8 9Mjc
«
2´
ˆ
dj,0
dj
˙2ϑ´2ﬀ
(5.24)
”
a
YΓ , (5.25)
and the solution
Γj “ 1
3
˜
1`
„
1` 18YΓ ` 3
?
3
b
YΓ ` 11Y 2Γ ´ Y 3Γ
1{3
`
3YΓ ` 1”
1` 18YΓ ` 3
?
3
a
YΓ ` 11Y 2Γ ´ Y 3Γ
ı1{3
˛
‹‚
(5.26)
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Fig. 5.2: Evolution of the bulk Lorentz factor along the jet. Assuming a typical value for
the central black hole mass (M‚ “ 10
8 Md), the opening angle (ωj “ 0.05 radians) and the
location of the jet launch from the core (d0 “ 75Rg), we vary the initial Lorentz factor Γ0.
The evolution is much stronger for a high initial value. We also vary the dependence on jet
distance of the magnetic field (ϑ “ 1.0, dotted; ϑ “ 1.5, solid; ϑ “ 2.0, dash-dotted). A
higher index ϑ gives a much steeper increase close to the jet launch.
(Reynoso et al. 2011). The evolution of the Lorentz factor is sensitive to the
initial value, Γ0 and the magnetic field strength dependence on the distance
along the jet, ϑ (Fig. 5.2). For a high initial Lorentz factor, the evolution is
significantly stronger than for a low value. This may be particularly important
for the behaviours of AGN jets, as the lower luminosity BL Lac sources have
a smaller Lorentz factor than the bright FSRQs (e.g. Dermer et al. 2014).
Varying the index for magnetic dependence shows a steep increase at smaller
scales, with a flattening to produce the same Lorentz factor at larger scales,
for a larger value of ϑ. However, no evolution is seen for the Lorentz factor
for the minimum value of ϑ “ 1.0.
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Fig. 5.3: We show the dependence on the magnetic field structure in the jet frame with the
initial bulk Lorentz factor, Γ0. A low value corresponds to a significantly stronger magnetic
field than a high Lorentz factor.
The structure of the magnetic field in comoving (jet) frame is given by
B1 “
d
3
2Γj ` 1 B (5.27)
(Heinz and Begelman 2000), where the comoving magnetic field is the root
mean square of the magnetic field components, B1 “ xB1x1y ` xB1y1y ` xB1z1y.
The magnetic field structure is sensitive to the initial Lorentz factor, Γ0, seen
in Fig. 5.3, so that a higher Lorentz factor suppresses the strength of the field.
The steepness of the magnetic field dissipation along the jet is determined by
the index ϑ, seen in Fig. 5.1. As the magnetic field determines the radio power
of the jet, this has consequences for the emission produced in the jet.
5.2.1 The confinement and acceleration of particles in jets
When the jet is kinetically dominated, instabilities in the jet can lead to tur-
bulence and shock formation. Formation of standing, or moving, shocks which
are observed as bright blobs (knots) due to the heated plasma interactions in
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the region, allow for the creation of high-energy populations of electrons and
protons.
As the turbulent jet structures and irregularities arise in a kinetically dom-
inated environment, the location along the jet where this occurs can therefore
be determined in terms of a fraction ξB representing the magnetic energy den-
sity in this acceleration region, to its value in the launch region (Reynoso et al.
2011). Then,
ξB “
p∆d πR2j,accqUB
p∆d πR2j,0qUB,0
, (5.28)
giving
ξB “
ˆ
dj,acc
dj,0
˙p2´2ϑq
, (5.29)
and the injection point to the acceleration region as
dj,acc “ dj,0 pξBq1{p2´2ϑq (5.30)
The power law synchrotron spectrum implies a non-thermal distribution of
electrons of 9 E´ρe , which can be explained through shock acceleration.
5.2.2 Fermi acceleration
Particle acceleration due to Fermi processes can explain the arising power-law
emission from AGN jets. Energetic particles gain energy through the elastic
scattering off magnetic irregularities in the jet (e.g. Bell 1978; Rieger et al.
2007). Each scattering results in a small energy gain; however, over many
scatterings the average gain gives rise to a power-law energy distribution,
given by
Npγiq9γ´ρi , (5.31)
where γi is the Lorentz factor for a particle i when evaluated in the jet frame.
The Fermi processes lead to a power-law distribution of the accelerated par-
ticles, and the details of the acceleration process determine the acceleration
timescale.
Diffusive, or first order Fermi, acceleration, involves a non-relativistic
shock wave moving through the jet plasma. The shock speed is then vs ! c,
and the energy gain is dependent on the shock compression factor V. The
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particle is confined by scattering off self-generated Alfve´n waves, thus cross-
ing the shock front upstream and downstream, and for each crossing, gaining
energy (Bell 1978). The energy gain of a particle crossing the shock back and
forth many times is
∆E 9 E0β , (5.32)
where β “ v{c, and the velocity v “ v1 ´ v2, the velocities before and after
the the shock front, and V “ v1{v2.
This acceleration mechanism explains the observed knot features in AGN
jets, which are identified as regions where shock fronts exist. In strong shocks
the resulting particle distribution obtains a power-law spectrum with ρ „ 2,
which is consistent with the high-energy synchrotron emission, as well as the
observed cosmic ray spectrum. It cannot, however, explain the extended non-
thermal emission seen in AGN (Rieger et al. 2007).
Second order Fermi acceleration is a stochastic process, where particles
scatters off irregularities in magnetic clouds. The clouds move with speeds β !
c, and the acceleration is given by the energy gain from repeated scattering,
∆E 9 E0β2 . (5.33)
The acceleration is therefore slower, as β ! 1, but continuous, and gives a
power-law distribution which is flatter than that arising from first order Fermi
processes, i.e. ρ ă 2 (Rieger et al. 2007).
5.3 Radiative processes in blazar jets
In Sec. 1.1.4 we discussed hadronic processes, which lead to the production
of neutrinos. In the following we outline radiative processes particularly im-
portant in astrophysical jets responsible for high-energy emission. In Fig. 4.1
the various sources of the observed (and assumed) emission are illustrated.
From the accretion disc thermal UV photons are produced. In the torus,
these will be re-scattered by dust and gas to infra-red frequencies. Accre-
tion disc photons upscattered in the hot corona by electrons produce X-ray
emission. From the broad line region (BLR) a population of optical photons
are emitted. In the jet, relativistic electrons will accelerate in the magnetic
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field producing radio-emission, which dominates the lower energy peak in the
blazar SED. Either through synchrotron self-Compton (SSC) or inverse Comp-
ton (IC) mechanisms, the photons are upscattered to X-ray and γ-ray, and are
observed as the leptonic high-energy signal dominating the γ-ray peak in the
blazar SED.
In hadronic models, the interactions of relativistic protons will produce
a comparable, if not greater signal at these highest energies through proton-
photon (pγ) interactions, with either the internal photon populations in the jet,
or the external populations, such as direct accretion disc photons, the coronal
photons, or from the torus or BLR. In addition there are proton-proton (pp)
interactions, whereby the energetic protons interact with ambient cold matter
fields in the jet or in the surrounding environment. In both cases, the emission
of cosmic ray (CR) protons, pions and neutrons is expected, whereby the pions
and neutrons will lead to the emission of γ-ray photons and neutrinos, and
CR-protons.
As discussed in Sec. 1.2.3, the maximum attainable energy in the jet
is dependent on the balance of heating and cooling processes. In order to
determine the eventual emission of high-energy particles, all energy loss rates
must therefore be accounted for.
5.3.1 Synchrotron radiation
Synchrotron emission is produced when relativistic charged particles are ac-
celerated in magnetic fields, as they gyrate around the field lines. This is
illustrated in Fig. 5.4. An electron or positron, with energy Ee “ γemec2,
travels with uniform circular motion, with a pitch angle αp. As the magnitude
of acceleration is constant, and its direction is perpendicular to the velocity
vector, the particle thus follows a helical path along the magnetic field line.
The emission is beamed in the direction of motion in a cone with half angle
ωj « γ´1e . The gyrating frequency is then given by
fB “ qeB
γemec
. (5.34)
The power emitted by a single particle is given per unit frequency as
Psynchpfq “
?
3q3eB
mec2
F pηq , (5.35)
5.3. Radiative processes in blazar jets 184
where η “ f{fc, and the critical frequency
fc “ 3qeB
4πmec
γe . (5.36)
The synchrotron spectrum is approximated by a power law with spectral index
α, so that P pfq 9 f´α. The function F pηq is the integration of the modified
Bessel function of the second kind, K5{3pζq,
F pηq “ η
ż 8
η
dζK5{3pζq . (5.37)
This function can be approximated for small and large η, following
F pηq « 4π?
3Γp1
3
q
´η
2
¯1{3
η ! 1 (5.38)
F pηq «
´π
2
¯1{2
e´η η1{2 η " 1 . (5.39)
The synchrotron spectrum then peaks at η « 0.29 (Blumenthal and Gould
1970; Rybicki and Lightman 1979).
For a power law energy distribution of relativistic particles given by
NpEq “ N0E´ρ , (5.40)
with the particle energy distribution index ρ, the total power radiated per
unit frequency and unit volume is then the integral of the particle distribution
(Eqn. 5.40) times the power emitted by a single particle (Eqn. 5.35). The
total power radiated is then
Psynchpfq 9 f´pρ´1q{2 , (5.41)
and thus the particle energy distribution index is related to the spectral index
of the synchrotron emission spectrum by α “ pρ´ 1q{2.
The energy loss rate due to synchrotron emission for a given relativistic
particle i (i.e. β « 1) is given by
t´1synch “
4
3
σTc
mec2
ˆ
me
mi
˙3
UBγi , (5.42)
where
t´1synch “
∣
∣
∣
∣
´dE
dt
∣
∣
∣
∣
1
E
. (5.43)
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Thus, for electrons, synchrotron radiation is an efficient loss mechanism. How-
ever for a population of charged particles such as protons, the cooling rate is
slower by a factor dictated by pme{miq3 (Begelman et al. 1990).
The associated absorption process to synchrotron emission is called syn-
chrotron self-absorption (SSA). In this process the synchrotron photons that
are emitted in the magnetic field are absorbed by the same primary population
(e.g. electrons). The SSA absorption coefficient is given by
κSSA “ ´pρ` 2qc
2
8πf 2
ż 8
Ei
Psynchpf, EiqNpEiq
Ei
(5.44)
for a particle population with a power law distribution, given in Eqn. 5.40.
This gives
κSSA9f´pρ`4q{2 . (5.45)
The emission spectrum is then worked out by considering the radiative transfer
equation,
dIf
κSSAdℓ
“ If ` Sf , (5.46)
giving the emission in terms of the source function Sf and optical depth τSSA,
If “ Sf p1´ e´τSSAq , (5.47)
if we neglect the background. The optical depth for the SSA process is given
by
τSSA “
ż
ℓ
dℓ κSSA . (5.48)
Then, optical thickness will define the form of the synchrotron spectrum:
If “
$’&
’%
Sf 9 f 5{2 τSSA ą 1
τSSASf 9 f´pρ´1q{2 τSSA ! 1 ,
(5.49)
which is suppressed in the low-energy region, due to the SSA process.
5.3.2 Inverse Compton scattering
The scattering of photons off charged particles can change the energy of the
participating particles. Compton scattering is the scattering of a photon off
a charged particle, for which the incident photon has greater energy. The
scattered photon thus loses energy to the scattering particle. In the low energy
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B-field line
e´
γsynch
e´
γ
γic
Fig. 5.4: Schematic illustration of synchrotron radiation and inverse Compton scattering.
Left: Synchrotron emission emitted as the electron is travelling in the magnetic field. Right:
A high-energy photon emitted in the inverse Compton scattering of a lower energy photon
on the electron.
limit, this scattering process reduces to the classical Thomson scattering. If
the charged particle, e.g. an electron, has sufficiently greater energy than the
incident photon, the scattered photon gains energy from the electron through
the inverse Compton scattering process, illustrated in Fig. 5.4. The differential
cross section of the scattering is given by the Klein-Nishina formula,
dσKN
dΩ
“ R
2
e
2
ˆ
Eγ
ε
˙2 „
ε
Eγ
` Eγ
ε
´ sin2pθq

, (5.50)
where the energy of the incident photon is ε, the energy of the scattered photon
is given by Eγ, and the angle between the momenta of the two photons in the
scattering is given by θ. The total cross section is then
σKN “ 2πR2e
„
1` κ0
κ30
ˆ
2κ0p1` κ0q
1` 2κ0 ´ lnp1` 2κ0q
˙
(5.51)
` 1
2κ0
lnp1` 2κ0q ´ 1` 3κ0p1` 2κ0q2

, (5.52)
with κ0 “ ε{mec2 (Blumenthal and Gould 1970; Tucker 1975). In the non-
relativistic limit, the cross section reduces to the Thomson cross section, with
κ0 ! 1:
σKN « σTp1´ 2κ0 ` 26
5
κ
2
0 ` . . . q , (5.53)
where the the Thomson cross section is σT “ 8πR2e{3, and Eγ „ ε. In the
ultra-relativistic limit, with κ0 " 1, the cross section is given by
σKN « 3
8
σT
κ0
„
lnp2κ0q ` 1
2

. (5.54)
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For an isotropic photon field with differential number density
dnγ “ dNγ
dV
“ npεqdε , (5.55)
the energy density is given by
Urad ”
ż
εnpεq dε . (5.56)
If scattered on a relativistic population of electrons, ε ! mec2 in the electron
frame of reference, the effects of the relativistic limit can be neglected, and
the cross section is given by Eqn. 5.53.
The inverse Compton spectrum per electron is given by
dNγ
dtdEγ
“ 3σTc
4γe
npεqdε
ε
Fpqq , (5.57)
with the function
Fpqq “ 2q lnpqq ` p1` 2qqp1´ qq ` 1
2
pκqq2
1` κq p1´ qq , (5.58)
where
q “ Eγ
mec2κp1 ´ Eγmec2 q
, (5.59)
and
κ “ 4εγe
mec2
. (5.60)
which determines the scattering regime. For κ ! 1, the domain is in the
Thomson regime, whereas for κ " 1 the Klein-Nishina limit applies. These
equations are valid for all regimes as long as γe " 1 (Blumenthal and Gould
1970).
The energy loss rate is
´dEe
dt
“
ż
pEγ ´ εq dNγ
dtdEγ
dEγ , (5.61)
hence, the inverse Compton cooling rate is
t´1IC “
3cσTpmec2q2
4E3e
ż Ee
εmin
dε
npεq
ε
ż κEe
κ`1
ε
dEγFpqqpEγ ´ εq . (5.62)
The limits of the scattered photon is determined from considering the kine-
matics of the process,
ε ě Eγ ě κ
1` κ γemec
2 , (5.63)
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If the target photon field is synchrotron radiation produced by the same
electron population interacting in the surrounding magnetic field, this partic-
ular case of inverse Compton scattering is called synchrotron self-Compton
(SSC).
5.3.3 Free-free (bremsstrahlung) radiation
Free-free (bremsstrahlung) emission is radiation due to the deceleration of a
charged particle when interacting with the Coulomb field of another charged
particle or ion. It is often called free-free radiation if the incoming particle is
free and is not being captured upon interaction. The kinetic energy lost in
the deceleration is emitted as a photon, and electrons are particularly efficient
radiators as the acceleration is inversely proportional to the mass of the parti-
cle. The bremsstrahlung energy spectrum is found by convolving the emission
from a single electron with the velocity distribution of the electron population.
In addition a quantum mechanical correction factor must be included. In non-
relativistic cases, this factor is „ 1; however, it will be significant when treating
relativistic populations, as the photons emitted will be of similar energies to
the incident particle.
For an electron population with a Maxwell-Boltzman distribution of veloc-
ities, the emission is thermal. The total power per unit volume and frequency
is then
dP
dV df
“
ˆ
2π
3kTme
˙1{2
25πq6e
3mec3
Z2nenie
hf{kTGbspT, fq
“ 6.842ˆ 10´38T´1{2Z2neniGbspT, fq . (5.64)
where the number densities for the electron population and the ionised plasma
is given by ne and ni, respectively, and since a fully ionised plasma is assumed,
the atomic proton number Z “ 1. The Gaunt factor GbspT, fq is averaged over
all velocities. Integrating over frequency then gives the power per unit volume,
dP
dV
ˇˇˇ
ˇ
therm
“
ˆ
2πkT
3me
˙1{2
25πq6e
3hmec3
neniGbspT q
“ 1.442ˆ 10´27T 1{2neniGbspT q . (5.65)
The Gaunt factor is now frequency and velocity averaged, and lies be-
tween 1 and 5, and a value of 1.2 gives reasonably accurate results
5.3. Radiative processes in blazar jets 189
(Rybicki and Lightman 1979).
Relativistic bremsstrahlung radiation can be calculated through the
Weizsa¨ker-Williams method of virtual quanta. This method considers the
emission process in the electron rest frame, so that a virtual photon of the
Coulomb field is Compton scattered off the electron. In the observers frame,
the resulting emission is seen as bremsstrahlung radiation,
dP
dV
ˇˇˇ
ˇ
rel
“ 1.442ˆ 10´27T 1{2nenip1` 4.4ˆ 10´10T qGbspT q , (5.66)
for a thermal distribution of a population of electrons where kT ą mec2.
The emission is therefore modified to include a relativistic correction
(Blumenthal and Gould 1970; Novikov and Thorne 1973; Rybicki and Lightman
1979).
For a power law distribution of ultra-relativistic electrons, i.e.
NpEq “ N0E´ρ , (5.67)
the bremsstrahlung emission is non-thermal, and the emission spectrum follows
the power law distribution of the electrons, integrating over energy
dP
dV
ˇˇˇ
ˇ
PL
9f´ρ`1 , (5.68)
however softer by one power. The radiative loss rate due to bremsstrahlung is
then given by
t´1bs “ 4R2eαFScniGbs , (5.69)
with the Gaunt factor in a fully ionised plasma (Longair 1994),
Gbs “ lnp2γeq ´ 1
3
. (5.70)
5.3.4 Energy loss rates of hadronic interactions
The details of the pp- and pγ- interactions were discussed in Sec. 1.1.4. The
energy loss rates of hadronic processes are found by considering the cross
sections of the interactions. The total cross section of the interaction can
be separated into an elastic and an inelastic part. However, only the inelastic
scattering process involves the production of secondaries, due to a large enough
energy transfer for the quarks and gluons to interact (Koers et al. 2006).
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Fig. 5.5: Illustration of the bremsstrahlung mechanism. Left: The electron decelerates
as it interacts with the Coulomb field of the proton (or ion), and emits bremsstrahlung
radiation. Right: The method of virtual quanta, where a virtual photon of the proton field
is Compton scattered off the electron in the electron rest frame. In the observer frame the
emission is seen as bremsstrahlung radiation.
The inelastic cross section for the pp-interaction is approximated to
σpppEpq “ p34.3` 1.88L` 0.25L2q ˆ
«
1´
ˆ
Eth
Ep
˙4ﬀ2
ˆ 10´25 cm2 (5.71)
(Kelner et al. 2006), with L “ lnpEp{TeVq, for an incident proton with energy
Ep. The energy loss rate of the interaction is
t´1pp “ npcσppKpp , (5.72)
with the density of the proton target field, np, and the fractional energy loss
per interaction given in the inelasticity coefficient, Kpp “ 0.5 (Begelman et al.
1990).
The inelastic collision of an energetic proton with a photon field can be
the source of neutrinos through photomeson production. The cross section of
this interaction is approximated in Atoyan and Dermer (2001) to the sum of a
simple step function to account for single- and multi-pion production channels,
as a function of photon energy in the proton rest frame, i.e. The single-pion
cross section component is then
σpγ,1pε˚q “
$’&
’%
3.4ˆ 10´30 cm2 200 MeV ď ε˚ ď 500 MeV
0 otherwise ,
(5.73)
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and the multi-pion part given by
σpγ,2pε˚q “ 1.2ˆ 10´30 cm2 500 MeV ď ε˚ . (5.74)
The inelasticity coefficient for the interaction is then Kpγ “ 0.2 in the
single-pion energy range, and Kpγ “ 0.6 for energies corresponding to the
multi-pion production channel, shown in Eqns. 5.73 and 5.74, respectively
(Atoyan and Dermer 2001).
For an isotropic photon distribution, the energy loss rate is given by
t´1pγ “
c
2γ2p
ż 8
ε
dε
npεq
ε2
ż ε˚
ε˚
th,π
dε˚ε˚σpγpε˚qKpγpε˚q . (5.75)
5.4 Hadronic Emission Models in Blazars
The unknown jet composition has led to models of hadronic, leptonic, and
mixed compositions. They agree on the leptonic origin of the synchrotron
emission in the jet; however, the γ-ray emission could originate in both leptonic
and hadronic scenarios. The hadronic models assign at least some of the γ-
rays to the decay of neutral pions produced in interactions between energetic
protons and radiation or matter fields. In the event of pion production a
charged pion population would decay into neutrinos. The blazar population is
observed as highly beamed emission as the jet is directed in our line of sight.
A neutrino signal from these sources will therefore be enhanced, and point
source detection may be possible in the future as the neutrino observatories
become increasingly more sensitive and accurate.
There is a possible differentiation at the highest γ-ray energies, where the
predicted emission from hadronic and leptonic models diverges (Takami et al.
2013). A synchrotron peak at higher energies indicates an electron popula-
tion suffering from energy losses, and lower jet power. Electrons are efficient
radiators, which limits the continued upscattering of the synchrotron photons
to even higher energies, hence providing a cut-off in the γ-ray spectrum of
these sources. This is reflected in the HBL/HSP population (see Abdo et al.
2010a; Ajello et al. 2014; Mu¨cke et al. 2003; Reynoso et al. 2011). If the γ-ray
emission originate in the decay of pions, the production is linked to the rel-
ativistic proton population which has the potential to produce particles with
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much higher energies due to its high rest mass. The energy threshold of pion
production is much higher than pair production, hence at high energies pion
production will dominate (Begelman et al. 1990).
The relativistic electron and proton content is assumed to travel with the
jet flow at relativistic speeds. Emission due to their interactions along the
jet requires both leptonic and hadronic processes to be considered. The elec-
tron losses are accounted for through synchrotron and inverse Compton pro-
cesses. At lower energies protons suffer losses in Bethe-Heitler pair production,
whereas at higher energies the losses due to interactions with radiation and
matter fields, and subsequent pion production, are dominant (Begelman et al.
1990).
The internal jet synchrotron radiation field provides an excellent target
for hadronic interactions. However, external fields are also possible. The
interaction with direct accretion disc radiation, upscattered coronal radiation,
or reprocessed accretion disc radiation in the BLR or torus provide targets
which may vary significantly in energy and density. The availability of target
fields may vary across the sequence, with FSRQs requiring denser radiation
fields, whereas the SEDs of some lower-luminosity BL Lacs seem to agree with
the synchrotron dominant radiation (see Dermer et al. 2014).
This has motivated a number of interaction scenarios, such as pure (syn-
chrotron self-Compton) SSC models, where the jet synchrotron field is the
dominant target for interactions, or including external fields like the BLR,
torus, or reflected emission. Additionally, models take into account the struc-
ture of the jet, with one-zone models assuming the region of interest can be
considered in one comoving frame. Two-zone models have been successful in
explaining an enhancement of the inverse Compton or neutrino emission, with
a fast, relativistic spine, and a slower outer layer (see e.g. Tavecchio et al.
2014, and references therein).
5.5 High-energy Neutrino Emission from Blazars
Studying the emission from blazars naturally hints at the processes within
the jet features. The modelling of neutrino emission from AGN sources may
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Cen A parameters
Black hole mass: M‚rMds 10
8
Base of the jet: dj,0 50 Rg
Kinetic to Eddington ratio: ξkin 0.1
Magnetic dependence on jet distance: ϑ 1.5
Magnetic to kinetic energy ratio ξB 0.38
Table 5.2: Model parameters of Cen A used in Reynoso et al. (2011).
therefore be developed by combining information obtained from photonic ob-
servations (e.g. γ-ray surveys) and knowledge of hadronic interaction processes
that may occur within the jet.
The SED of blazars of varying luminosities have uncovered an apparent
sequence of increasing dominance of the high-energy peak over the low-energy
peak and decreasing frequency of the peaks with increasing bolometric lumi-
nosity. This can then be quantified as a sequence from low-luminosity, high-
frequency synchrotron peaked HBLs (HSPs); through intermediate-frequency
peaked IBL (ISP) blazars; and high-luminosity, and low-frequency peaked
LBLs (LSPs). These are commonly counted as BL Lac-type blazars, with
the latter class sharing many features with the high-luminosity FSRQs (see
e.g. Fossati et al. 1998; Ghisellini et al. 1998).
Identifying the key parameters of the sequence will therefore indicate dif-
ferences in the physical properties of these classes, which in turn will enable us
to derive variations in the expected neutrino output from each source popula-
tion. Radio galaxies come in two types (FR-Is and FR-IIs) and the different
morphology of their jets (edge-dimmed and edge-brightened, respectively) sug-
gests that the ability to carry jet content to the lobes of bright FR-IIs is not
found in FR-Is, whose main activity is closer to the base of the jet. If the
radio-loud unification scheme is assumed, then these features should transfer
to the division of the low-luminosity BL Lacs and FSRQs.
The evolution of the bulk Lorentz factor of the jet determines the extent
of the jet structure, and variations in this parameter are expected along the
blazar sequence. BL Lacs are expected to have a significantly lower bulk
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Lorentz factor than FSRQs. The magnetic field structure in the jet indicates
the strength of the synchrotron emission in the source. A stronger magnetic
field would imply higher rates of synchrotron emission, hence a depletion of
the high-energy particles to further cascade into high-energy emission, e.g. γ-
rays, neutrinos, and cosmic rays. This interpretation fits the blazar sequence,
for which the HBLs are strongly dominated by synchrotron processes. Seen
in Fig. 5.3, a higher Lorentz factor gives a decreased magnetic field in the jet
frame. The Lorentz factor is therefore one parameter which we vary along the
sequence, summarised in Table 5.3.
The synchrotron radio emission is however only a fraction of the total
power of the jet, and the bolometric luminosity is traced by the γ-ray emission,
which is populated by emission due to (leptonic) inverse Compton scattering
or (hadronic) neutral pion decays – or both. We use the lepto-hadronic model
prescribed by Reynoso et al. (2011), following the jet structure as described
above to follow the emission processes to the eventual emission of neutrinos.
Using γ-ray surveys that have estimated the relative population density of
the various blazar classes, we may therefore identify the efficient neutrino
producers among the blazars, and provide constraints on the sources and the
physical processes within the jets.
High-energy interactions and production occur close to the base of the jet.
This is consistent with observations of energetic regions close to the core in
FR-I AGN. In blazars the zone of high-energy emission is assumed to happen
in the inner regions of the jet. We assume key parameters to define each blazar
class, summarised in Table 5.3. Here the bulk Lorentz factor increases with
increasing (γ-ray) luminosity, and the viewing angle (θv) is found to be slightly
larger in BL Lacs than FSRQs (Ajello et al. 2014). As we consider blazars,
we assume the half-opening angle (ωj) is the maximum possible to qualify as
a blazar, i.e. ωj “ θv.
Cen A is the closest FR-I. In determining key parameters for our blazar
sequence candidates we adopt Cen A values to describe some common jet
features. These are summarised in Table 5.2.
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Blazar model parameters
HBL IBL LBL FSRQ
logpLγ rerg s
´1sq 44.0 ´ 49.0 44.0 ´ 49.0 44.5 ´ 49.0 44.5 ´ 49.5
Γj,0 4 6 8 10
Γj,max 7 11 15 19
Ee,max rGeVs 1.1ˆ 10
3 1.7 ˆ 103 2.3 ˆ 103 2.9 ˆ 103
Ep,max rGeVs 6.8ˆ 10
7 8.9 ˆ 107 108 1.2 ˆ 108
Table 5.3: Blazar model parameters used in the construction of the BνLF. A set of param-
eters typical for each blazar class, which will determine the output of some of the physical
processes within the jets. This will in turn affect the energies attainable in the sources, and
the available particles to subsequently produce high-energy neutrinos. See text for details.
5.5.1 Energy loss rates
The maximum energy that can be attained by the particle population in the
jet is determined by factors such as the strength of the jet magnetic field, as
outlined above. These energy loss processes determine the energy carried away
as radiation, and the maximum energy that particles in the jet can reach is
determined by the balance of these processes to the rate of energy gain through
(shock) acceleration, i.e. limited when tloss ď tgain. The energy gain due to
acceleration is given at a rate
t´1accel “ ξacc
c qe B
1
E 1i
(5.76)
(Begelman et al. 1990), where the efficiency of the acceleration ξaccel depends
on the mechanism, e.g. Fermi shock acceleration for particles i. The derived
maximum particle energies for each source model are summarised in Table 5.3.
In addition to radiative processes, the jet also suffers from adiabatic losses
(van der Laan 1966; De Young 1972). This timescale, which is determined by
the radial expansion of the jet, is given by
t´1ad “
2
3
βjc
z
. (5.77)
The synchrotron and bremsstrahlung loss rates are calculated in the jet frame
using Eqns. 5.42 and 5.69, respectively. The synchrotron loss rate is found to
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Fig. 5.6: Electron energy gain and loss rates in sources along the blazar sequence in the
injection region. The cooling rate due to inverse Compton (IC) scattering is calculated using
Eqn. 5.83, where the solid line correspond to λd´j “ 1, and the dashed lines, from top to
bottom, have λd´j “ 100, 10, 0.1, 0.01. The synchrotron process is in all blazars the most
efficient cooling mechanism for electrons, and therefore determines the maximum energy
these particles can attain in the jet confinement.
increase along the sequence. In low luminosity sources, the electron energies
suffer from strong synchrotron losses, whereas in the bright end of the sequence
the synchrotron losses are lower, hence electrons may gain further in energy.
This trend is seen in Fig. 5.6, which summarises the electron energy loss rates
at the point of injection into the acceleration region, i.e. at dj “ dj,acc. It
reflects that the maximum energy of the particles is lower in these sources
than the brighter end of the blazar sequence. This is the first hint at HBLs as
less efficient neutrino producers.
The inverse Compton energy loss rate can be scaled with the synchrotron
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Fig. 5.7: Proton energy gain and loss rates in sources along the blazar sequence in the
injection region. The cooling rates are calculated from equations given in Sec. 5.3, except
the pγ loss rate which is adopted from the analysis of Cen A (Reynoso et al. 2011).
timescale as follows
tIC
tsynch
“ UB
Uε
(5.78)
(see Tucker 1975). The magnetic energy density (Eqn. 5.12) evolves along
the jet following Eqn. 5.19. The radiative energy density can similarly be
expressed as
Uε “ Uε,0
ˆ
dj
dj,0
˙´2
, (5.79)
where
Uε,0 “ Lε
4πd2j,0 c
. (5.80)
The inverse Compton loss rate can then be expressed in terms of the ratio
of the radiative to magnetic energy density where the accretion disc and base
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of the jet interact,
t´1IC “
Uε,0
UB,0
ˆ
dj
dj,0
˙2pϑ´1q
t´1synch . (5.81)
The radiative energy density can be expressed in terms of the known disc
luminosity, hence relating the loss rate to the mass accretion rate through
Eqn. 5.6. Assigning
λdisc “
ˆ
Uε,0
UB,0
˙
disc
, (5.82)
the loss rate due to inverse Compton in the jet is scaled by λd´j to account
for differences in the radiative energy densities in the disc and jet. This gives
t´1IC “ λdiscλd´j
ˆ
dj
dj,0
˙2pϑ´1q
t´1synch . (5.83)
The inverse Compton loss rate is found to be significantly lower than that of
the synchrotron in all blazar classes, seen in Fig. 5.6. The maximum energy
that the electron population in the source can attain is found by the balance
of these processes, and vary along the sequence, such that the brighter end of
the blazar sequence have a higher energy electron population than the low-
luminosity end. These values are summarised in Table 5.3.
The energy loss rates of protons in the sources are shown in Fig. 5.7,
evaluated in the injection region, dj,acc. The synchrotron cooling mechanism
is less efficient for protons than electrons, with the most efficient cooling is
due to pγ interactions. We adopt the pγ loss rate from Reynoso et al. (2011),
using the FR-I radio galaxy Cen A as a reference, and scaling it with the
appropriate bulk Lorentz factor of the source. Balancing the energy gain and
losses affecting the protons we find the maximum proton energy attainable in
the sources, summarised in Table 5.3.
5.6 Neutrino Luminosity Scaling
We construct a neutrino luminosity function (νLF) using Cen A to scale the
neutrino output. In our calculations we adopt the single source neutrino spec-
trum for Cen A given in Reynoso et al. (2011) (hereafter the RMR model).
In this model the neutrinos originate from both pγ and pp interactions (see
Fig. 5.8). Neutrino production from pγ-interactions occurs through energetic
protons interacting with the (synchrotron) radiation fields in the jet, at around
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Fig. 5.8: Predicted neutrino intensity from Cen A by Reynoso et al. (2011), originating
from both pγ and pp interactions.
50 gravitational radii from the AGN core. The pp-interactions involve cold
proton fields that travel along the jet with the bulk motion. The pγ and
pp interactions lead to the standard decay products described in Sec. 1.1.4,
resulting in a population of high-energy neutrinos. Multiplicities of the pp-
interaction is not taken into account, considering only the general inelastic
cross section for the interaction (Eqn. 5.71).
Previously we have already found that the majority of spectral calculations
overestimated the neutrino flux received from AGN populations. Thus, the
neutrino production may not have been as efficient as described by the model
for Cen A. We therefore consider a simple parametrisation by introducing a
parameter η, which regulates the efficiency of the process. As discussed in
Sec. 4.4, this parameter may represent a scenario whereby not all AGN are
neutrino sources, or that the neutrino and X-ray duty cycles differ. The duty
cycle of the lepton and baryon flows in the jets may be different, thus resulting
in neutrino emission only occurring during a fraction of the X-ray lifetime.
Convolved with the blazar space densities derived in Ch. 3 we investigate
the neutrino output at various cosmological epochs. We scale the spectra with
the X-ray disc luminosity to that of Cen A, as we did in Sec. 4.2.1 – namely
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Fig. 5.9: Diffuse neutrino intensity from blazars using Cen A as a scaling reference with
the RMR model prescription. The neutrinos originate from both pγ (solid curves) and pp
(dashed curves) interactions. The spectra calculated from cosmological epochs extending
0 ă z ă 10 are compared to the experimental flux limit (red horizontal line) set by the
3-year analysis of IceCube.
a scaling relation following
φ˜LS “ η L
AGN
X
LCenAX
, (5.84)
and we assume the luminosity scaling parameter η “ 1. We also assume the
same beaming corrections as we did in Ch. 3.
We apply the spectral scaling parameter to the Cen A spectra, such that
for η “ 1, Cen A is considered a good representation of the neutrino production
rates in AGN. In this case, the blazar neutrino emission should follow that of
Fig. 5.9. The pγ-neutrinos are predominantly found at lower energies, with
the pp-neutrino contribution peaking at a neutrino energy nearly three orders
of magnitudes higher than the pγ-neutrino emission. The contribution from
the most local epoch considered (0 ă z ă 2) is comparable to that of the epoch
within 2 ă z ă 4, and neutrino emission from subsequent epochs decreases in
intensity with increasing redshift.
We consider four cases motivated by the uncertainty of the neutrino pro-
duction potential in Cen A, such that Cen A is either brighter or fainter than
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Fig. 5.10: Same as Fig. 5.9, but with η “ 10´2 (top left panel); η “ 10´1 (top right panel);
η “ 10 (bottom left panel); η “ 102 (bottom right panel). The neutrino emission originates
from both pγ (solid curves) and pp (dashed curves) interactions, and the diffuse spectra
are compared to the IceCube flux limit (red horizontal line). Total diffuse emission (black
lines) are found as the sum of contributions from various cosmological epochs: 0 ă z ă 2
(magenta); 2 ă z ă 4 (purple); 4 ă z ă 6 (green); 6 ă z ă 8 (cyan); 8 ă z ă 10 (blue).
a typical neutrino producing AGN, measured by the scaling parameter η. This
enables an investigation of the variations with redshift of the neutrino emission
from AGN sources. The rate of emission is constant over cosmological epochs,
with η “ p10´2, 10´1, 10, 100q. The resulting neutrino spectra are shown in
Fig. 5.10, with the extremes, i.e. η “ 10´2 and η “ 100 represent scenarios
where Cen A is either a hundred times brighter or fainter than a representative
blazar source.
Seen from Fig. 5.10 the neutrino emission from blazars modelled on Cen
A as a representative neutrino producer requires a spectral scaling parameter
η ă 10´2 to be consistent with the current flux limit set by IceCube. This scal-
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ing could then be interpreted as a fraction of blazar sources that are efficient
neutrino producers, or that Cen A is an extremely efficient neutrino machine.
It may also reflect the difference in duty cycles of the jet flows. Strong syn-
chrotron emitting blazars (i.e. HBL types) are known to be abundant, and
are also suggested poor neutrino producers, which could account for the bulk
of blazars not contributing to the high-energy emission of neutrinos.
We know that blazars and AGN are strongly evolving over the history of
the Universe. Introducing a redshift dependence on the spectral scaling, such
that the neutrino efficiency in Cen A was higher in the past, i.e.
ηpzq “ 1` z , (5.85)
or if Cen A was fainter in the past, following
ηpzq “ 1
1` z . (5.86)
will reflect a variations in X-ray luminosity, i.e. accretion power of the AGN
sources, over several cosmological epochs.
The resulting neutrino spectra from blazars with these scalings are shown
in Fig. 5.11. The panel on the left hand side gives the diffuse emission from
several cosmological epochs, where the Cen A emission is fainter in the past.
In this case the intensity has overall decreased, and the most local epoch
(0 ă z ă 2) is dominant. As the total diffuse spectra are still exceeding the
IceCube limit by up to nearly three orders of magnitude, the local estimate
of Cen A can be regarded excessively efficient, invoking the need of further
suppression of the spectra.
The panel on the right shows the diffuse spectra for a scaling representing
a higher efficiency in the past than today. The diffuse emission is exceeding
the IceCube limit by over three orders of magnitude.
5.7 Results: Luminosity Scaling Models
The calculations using the νLF to investigate the blazar population, with
Cen A as a typical neutrino producing source, show that a simple scaling is
not consistent with the current flux limits set by IceCube. We have applied
scaling models that do not evolve with redshift (see Fig. 5.10), which suggest
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Fig. 5.11: Same as Fig. 5.9, but with a redshift dependent scaling, such that Cen A was
fainter in the past (left panel) or was emitting stronger in the past (right panel). Neutrinos
are produced through pγ interactions (solid lines) and pp interactions (dashed lines), and
the total diffuse emission (black lines) are the sum of contributions from the cosmological
epochs 0 ă z ă 2 (magenta); 2 ă z ă 4 (purple); 4 ă z ă 6 (green); 6 ă z ă 8 (cyan);
8 ă z ă 10 (blue). The diffuse spectra are compared to the IceCube flux limit (red horizontal
line)
that the neutrino efficiency of Cen A is too high to represent a typical rate
in AGN/blazar sources. Applying a redshift dependent scaling improves the
resulting spectra somewhat; however, they are still in excess of the IceCube
flux limit, seen in Fig. 5.11.
The significance of the non-evolving scaling parameter is either that a
persistent fraction over cosmic time does not contribute to the diffuse high-
energy neutrino background, i.e. some AGN/blazars are not neutrino sources.
This is consistent with high-peaked synchrotron blazars (i.e. HBLs/HSPs)
being inefficient producers of the highest energy emission.
It furthermore shows that Cen A is not representative as a typical neu-
trino producing AGN source in this epoch or any other epochs throughout the
history of the Universe. This is in agreement with our results in Ch. 4, for
which Cen A is unrealistically efficient.
Another interpretation is that of the duty cycle of the emissions in the
AGN system. As we scale these spectra with the disc luminosity, the scaling
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implies a correlation between the high-energy particle production in the jet
and the accretion power of the AGN. The fraction could then reflect that the
X-ray duty cycle does not correlate with that of the neutrino emission, or that
the central engine drives alternate flows of baryonic and leptonic flows in the
jet. In this case a significantly more complex scaling model must be applied,
taking into account the physics of the jet – which can be derived from a further
study of γ-ray bright blazars. Or, perhaps, the hadronic flows are negligible
in these systems all together.
The evolving scaling parameter probes the differences in the AGN envi-
ronment over cosmic time. At an early epoch, e.g. at the formation of SMBHs,
the conditions are expected to deviate significantly from today. AGN studies
suggest that the activity of the brightest sources peaked much earlier than
lower-luminosity systems, reflecting an increase in accretion power at earlier
epochs. Hence a scaling similar to that of Eqn. 5.86 is reasonable.
However, as seen from the differences of peak activity from X-ray and
γ-ray detected FSRQs in Ch. 3 the X-ray blazars peak much earlier (z „
4) than those detected in γ-rays (z « 2) This implies a difference in the
evolution and duty cycle of the emissions. As the γ-ray luminosity traces the
jet power, a scenario influenced by e.g. increased metallicity in the Universe
with time, which in turn would affect the jet composition, can be invoked. In
this case the accretion power of AGN peaks at earlier times, and the jet power
peaks later when heavier elements are sufficiently abundant to mix in with a
predominantly leptonic or Poynting flux dominated jet.
We compare the spectra with the best-fit diffuse neutrino spectrum derived
from IceCube observations (Aartsen et al. 2015b), and find a spectral scaling
parameter following
ηpzq “ η0
1` z , (5.87)
with η0 “ 2 ˆ 10´3 (Fig. 5.12). In this particular case study we assume
Cen A as a reference source, meaning that Fig. 5.12 indicates that Cen A is
an excessively efficient neutrino producing source. The blazar population is
therefore scaled by η0, accounting for a lower neutrino production efficiency;
or, a fraction of blazars that do not contribute to the neutrino background. It
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Fig. 5.12: Diffuse neutrino intensity from blazars, assuming Cen A as a reference neutrino
producing source, and scaling the spectra with a redshift dependent parameter, such that
Cen A was emitting stronger in the past, as well as being significantly brighter than a typical
neutrino producing AGN. Neutrinos are produced through pγ interactions (solid lines) and
pp interactions (dashed lines), and the total diffuse emission (black lines) are the sum of
contributions from the cosmological epochs 0 ă z ă 2 (magenta); 2 ă z ă 4 (purple);
4 ă z ă 6 (green); 6 ă z ă 8 (cyan); 8 ă z ă 10 (blue). The diffuse spectra are compared
to the IceCube flux limit (red horizontal line), as well as the IceCube best-fit diffuse neutrino
spectrum (Aartsen et al. 2015b), given in Eqn. 1.58.
may reflect the difference between the neutrino production duty cycle and that
of the X-ray luminosity, which imply that the accreting source may fuel the
jet with alternating jet flows; thus a baryonic emission may only be emitted
during a fraction of the accreting lifetime of the AGN.
The redshift dependent factor implies that the efficiency was lower in
the past, and with an increasingly more complex chemical composition of the
environment allows for a higher jet power. However, with the expansion of the
Universe, density drops, and we observe predominantly low-powered sources
today.
In both cases, including information derived from γ-ray surveys of blazars
will highlight some of these issues. The γ-ray brightness reflects the total jet
power. Neutrino production in the jet is clearly closely tied to the emission
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processes in the jet. A scaling model may therefore be constructed by including
a more detailed correlation between the accretion power and the neutrino
generation.
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Chapter 6
Conclusions
6.1 Summary and Remarks
This thesis contains the research done on investigating the processes leading to
neutrino production in AGN jets. Observations of cosmic rays and neutrinos
at the highest energies point to an extragalactic source population. A number
of candidates have been proposed, such as pulsars, SNRs, GRBs and AGN
systems, all of which have the required power to accelerate hadrons to TeV-
PeV energies.
AGN are a collection of X-ray bright objects, fuelled by accretion onto
a supermassive black hole. Many of these show synchrotron radio emission,
which implies that non-thermal radiative and particle acceleration processes
are present within the sources. AGN jets are particularly attractive, as regions
along the extended features are identified as sites of strong shocks, and the
radio emission implies a population of relativistic electrons travelling in strong
magnetic fields within the jet. These jet regions include the base of the jet,
where the outflow interacts with the accreting inflow of material into the cen-
tral black hole; knotty regions along the jet, where strong shocks are formed;
and in the lobes of the jets, where hotspots are formed as the relativistic jet
flow interacts with the intergalactic medium.
The morphology and emission vary across the diverse AGN population,
and classification schemes based on observational features are commonly used
to identify types of AGN. These types are families of sources determined from
luminosity, inclination and viewing angles, and that can explain the physical
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origin. As AGN emit over the full electromagnetic spectrum, photonic astron-
omy has studied AGN for decades. Large-scale surveys in radio, X-ray and
γ-rays have mapped the space densities and the relative evolutionary trends
of the various AGN classes. Point source observations, such as mapping the
SEDs of blazar types, have revealed variations in the thermal disc emission
and non-thermal jet emission.
Determining the neutrino output in these sources will therefore set con-
straints on the physical mechanisms and content of AGN jets. Considering
neutrino production models the high-energy energy spectra of neutrinos from
AGN jets are calculated. The resultant diffuse neutrino emission gives a predic-
tion which may be compared with detections in current neutrino observatories,
such as IceCube, and the planned KM3NeT.
With large AGN surveys, the contribution of neutrino emission from var-
ious cosmological epochs and sources of varying accretion power can be deter-
mined. Using AGN X-ray surveys, the disc luminosity, and therefore accretion
potential of the sources, is traced. The source sample is then based on AGN
accretion activity, and is insensitive to variations of non-thermal output. The
radio-loud (i.e. jetted) fraction of these is assumed to be 10% of the total AGN
population. Applying the neutrino emission from single AGN, the evolution
of the high-energy neutrino emission can be determined originating in these
sources.
The observational variations identified in the blazar sequence indicate dif-
ferences in the physical properties within these sources. The space densities
of blazars have been studied in γ-ray surveys using the Fermi telescope and
combining these photon-based observations with current knowledge of neutrino
production in the sources, a blazar neutrino luminosity function (νLF) can be
constructed. This νLF can then help constrain the hadronic jet content, from
which neutrinos are produced, and determine if these jets are predominantly
baryonic, leptonic or electromagnetically dominated. The duty cycles of the
various components can furthermore be explored using the neutrino emission,
as the production path is invariably linked to the non-thermal particle popu-
lations present in the sources.
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A firm detection of neutrinos, and a proper determination of the spectral
properties will then, combined with the results of this thesis, enable these
constraints to be made.
We have focussed our investigation using X-ray and γ-ray AGN surveys.
This allows a study of the neutrino output in AGN, with the possibility to
suppress the bias due to source geometry, e.g. jet inclination. The surveys of
γ-ray bright blazars allow the study of interaction processes within individual
sources, which have revealed quantifiable variations in the observed emission.
In each case, the scaling of the neutrino energy spectrum is crucial.
At present, there are some uncertainties in how to relate the neutrino
output to the photonic output. Thus, we need to consider various viable
scenarios for the neutrino production channels in the AGN environment. The
hadronic interactions lead to the observable emission of both cosmic rays and
γ-rays through the decay of charged and neutral pions, respectively. The
observed cosmic ray spectrum constrains the source population, requiring a
population of protons within the jet that has been accelerated to observed
energies, i.e. 1020 eV.
The observed correlation of UHECR detections and nearby AGN
(Pierre Auger Collaboration et al. 2007, 2008) provides a scaling based on the
UHECR flux observed from a given region, and thus scaling the neutrino spec-
trum with this emission, considering the production path taken, i.e. hadronic
or photohadronic pion production. When extrapolating to the total diffuse
emission, a correction factor is also included which deals with differences in the
cosmic ray and neutrino propagation paths (e.g. Koers and Tinyakov 2008), or
the difference in the source population evolutions (e.g. Becker and Biermann
2009).
One may, however, also use the observed γ-ray emission, which scales
directly with the neutrino output if produced through neutral pion decays.
The emission can however also originate in leptonic processes, such as inverse
Compton scattering off either internal or external radiation fields. Assuming a
fraction of the diffuse γ-ray background originating in the pion decay chain an
estimate of the neutrino background can be estimated (e.g. Stecker et al. 1991;
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Stecker 2005). Studying blazar SEDs has highlighted variations in the radio
and γ-ray emission in the jets. These variations can furthermore constrain the
available ingredients needed for high-energy production.
6.2 Future Work
Fully understanding the properties of AGN and their jets will be significantly
helped by a strong detection of neutrinos originating in these sources. With
the current leading high-energy neutrino observatory IceCube detecting neu-
trino events arriving on the Northern Hemisphere, the KM3NeT observatory
is under construction in the Mediterranean sea, which will with an even larger
volume detect neutrino events arriving on the Southern Hemisphere. IceCube
has only been fully operational for a few years, and there is already a confir-
mation of these extragalactic high-energy neutrinos existence.
With increasing statistics in the dedicated observatories, the expected
diffuse neutrino spectra derived in this research may be compared with an
observed neutrino spectrum, similar to that of the UHECRs. In addition,
point source detection may be a significant contribution. This will enable
significantly tighter constraints to be set on hadronic interactions leading to
the production of cosmic ray protons and neutrinos. This will in turn reveal
processes that take place in the denser and brighter regions of AGN and their
jets.
This work points to the importance of establishing a firm relation between
the neutrino production and the photopion production processes. All are un-
derpinned by the dynamical properties of the flows in the system, and in spite
of the efforts, the physics of AGN jets is still poorly known. For instance, we do
not know the details of particle acceleration processes in AGN near the central
engine, nor do we know much about the chemical composition of jet plasmas.
The jet may experience alternate duty cycles of e.g. hadronic and leptonic
emission. This would affect the resultant neutrino spectra significantly. These
conditions may be investigated through for example flaring episodes in AGN
jets. Blazar SEDs change shape between quiescent and active states, and the
relative shifts of the low-energy and high-energy peaks in the spectra require
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physical processes within the source that reflect these changes. A study into
the expected neutrino output correlated with the X-ray and γ-ray emission in
the two states could pinpoint the exact processes.
In the meantime there are a number of tests that can be carried out,
combining the prediction of neutrino emission with photonic observations. In
this work we have focussed on the energetic proton interaction with the internal
synchrotron fields. There are however a number of external radiation fields
available, which also has been considered in other studies, as well as matter
fields, which may also lead to the production of cosmic rays and neutrinos.
In this way the νLF can be extended to involve more complex interaction
scenarios which more closely resembles various AGN types.
In this thesis we have scaled the neutrino production efficiency of AGN
with the accretion power through the observed X-ray luminosity. A further
investigation to look at the correlation between neutrino production and radio
emission of the jet will be useful to further probe the processes which lead
to the observable emission. Similarly a continuation of the γ-ray detected
blazar space densities will enable a further investigation of the correlation of
high-energy particle production in these sources.
A further study into the relative distribution of neutrino emission orig-
inating from a range of cosmological epochs can then be used to study the
evolution of powerful structures in the Universe. In that respect it will also
be useful to determine similar νLFs for other candidate source populations,
such as GRBs, pulsars and SNRs. To complete the cosmic neutrino puzzle
it will be rewarding to investigate the processes leading to neutrinos on all
energies (e.g. the CνB and stellar sources) to construct a full neutrino SED
over cosmological time. This will enable us to view the structural formation
of the contents in the Universe from the epoch of structure formation.
6.3 Conclusion
In the research presented in this thesis we investigate the origin of high-energy
neutrinos, and their spectral distribution at various cosmological epochs. We
consider AGN jets which are identified as prominent candidates for the pro-
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duction of high-energy emission. We then explore the processes that lead to
this emission to determine if AGN are efficient neutrino factories. We make use
of published AGN surveys detecting X-ray and γ-ray bright sources to derive
the redshift and luminosity distribution of these sources. The observational
data allow us to derive the number evolution for several classes of AGN.
We first consider the KT and BB hadronic production models, that as-
sume a scaling of the neutrino spectrum with the observed cosmic ray emission.
Using the prescription for neutrino production described in these models we
produce single source neutrino spectra, which we convolve with the derived dis-
tribution of X-ray detected AGN. We calculate the expected neutrino energy
distribution at various cosmological epochs, as well as for sources of varying X-
ray brightness. The sum of the components in each case gives us the expected
diffuse neutrino emission on Earth.
Our calculations test a number of simplified assumptions in the produc-
tion models, in particular the correlation between the accreting power of the
AGN, hence the X-ray luminosity, and the resulting high-energy emission of
neutrinos. We compare the energy spectra to current upper limits of the
received neutrino flux set by IceCube and PAO. We find that the bulk of
AGN sources would produce a neutrino flux far exceeding this limit, with
some variations depending on the neutrino production model used. The
radio galaxy population (Type-I (unobscured) and -II (obscured) RGs) are
expected to produce a diffuse output of „ 10´2 GeV cm´2 s´1 sr´1 (KT
model, Fig. 4.16); „ 10´4 GeV cm´2 s´1 sr´1 (BB2 model, Fig. 4.17); and
„ 10´6 GeV cm´2 s´1 sr´1 (BB1 model, Fig. 4.17). The unobscured radio
galaxies, that form a subset of the above population, produce a diffuse neu-
trino flux about half a magnitude lower than the full radio galaxy population
for the given production model.
The neutrino spectra show that blazars, i.e. AGN with their jet point-
ing in our line of sight, are the only AGN class consistent with observations.
Additionally, we demonstrate the importance of a reliable luminosity scaling
model, and hence the need for an improved understanding of the emission
processes in the jet. Variations in the scaling models are particularly appar-
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ent for these source populations. The blazars and the FSRQ sub-population
contribute to „ 10´5 GeV cm´2 s´1 sr´1 and „ 10´4 GeV cm´2 s´1 sr´1, re-
spectively, in the KT model. In the BB2 model we find the expected neutrino
fluxes of „ 7 ˆ 10´7 GeV cm´2 s´1 sr´1 and „ 2 ˆ 10´7 GeV cm´2 s´1 sr´1
from these sources. The BB1 model however, shows that the blazar and FS-
RQs produce comparable fluxes around „ 2ˆ10´9 GeV cm´2 s´1 sr´1. Hence
in this model the emission is consistent with the IceCube limits. The low-
luminosity, and locally abundant, BL Lac population cannot be rejected as a
potential neutrino source in either model. In the KT model, the diffuse flux
contribution of this source falls below the IceCube limit at lower neutrino en-
ergies (logrEνpGeVq À 5.5). The spectral break occurs above this limit, with
„ 2 ˆ 10´7 GeV cm´2 s´1 sr´1 at an energy of logrEνpGeVq « 6.5. Both the
BB model predictions place the BL Lac contribution below the IceCube limit,
at „ 10´10 GeV cm´2 s´1 sr´1 and „ 3 ˆ 10´13 GeV cm´2 s´1 sr´1, for the
BB2 and BB1 models respectively.
We show explicitly, following the KT and RMR model prescriptions, that
Cen A is unrealistically efficient as a neutrino producer, and is therefore not
representative of a neutrino producing AGN.
To further investigate the exact processes that are relevant to neutrino
production, we construct a neutrino luminosity function for blazar sources.
These sources have a defined sequence in observable features in these γ-ray
bright sources, and typical parameters, such as luminosity and Lorentz factor,
can be assumed for each blazar class along the sequence. This will enable
us to constrain possible AGN sources and the relative neutrino production
efficiencies across the sequence. Using redshift and luminosity distributions of
γ-ray bright blazar classes, we may infer further constraints on the conditions
within the jet by comparing the diffuse neutrino spectra with current detection
limits, such as the neutrino production duty cycle in AGN jets, and variations
across the AGN population.
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Appendix A
Structural Evolution of the Universe
At the core of any modern cosmological model we find the Cosmological Prin-
ciple which tells us that, on large scales (Á 100 Mpc), the universe is ho-
mogeneous and isotropic. An isotropic universe means that we find spatial
uniformity in all directions, whereas a homogeneous universe means that all
positions are identical in space. The Universe is in reality not entirely isotropic,
but based on observational evidence such as the near-uniformity of the cosmic
microwave background radiation, it is a reasonable assumption.
Isotropy does not imply the homogeneous property of the Universe, but is
implied by introducing the Copernican principle, which says that an observer
is at no position in space privileged. An observer will find that the Universe
looks the same in all directions, and so it will be at whichever position chosen.
The observed isotropy, together with the Copernican Principle thus implies
the Cosmological Principle and is the cornerstone of the models we use to
describe the Universe today.
Cosmology is the study of the origin and evolution of the Universe, and
the following is a brief outline of the standard cosmological model, and the
formulation of the important observables (see e.g. Coles and Lucchin 2002;
Peacock 2007), some of which are essential to the execution of this work, and
all of which set the cosmological background to any work done on cosmo-
logical scales. The currently accepted cosmological model is known as the
concordance model, and it describes the overall evolution of the Universe, and
its physical properties. At the foundation lie the Einstein field equations, a set
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of equations that describe the gravitational interactions in terms of the curv-
ing of space-time by energy and matter. Furthermore, it takes into account
cosmological effects such as the expansion of the Universe when defining travel
time, distances, and volumes, and a formulation of comoving coordinates is
therefore required.
A.1 Einstein’s Field Equations
On large scales, the strongest force of nature is gravity. In Einstein’s general
theory of relativity the gravitational interaction is explained in terms of the
curvature of the space-time, and is therefore a property of the very fabric of
the Universe. Any model that aspires to describe the physical behaviour and
properties of the Universe must therefore keep this at its foundation.
In relativity, the space-time metric gµν is defined to connect the coordinate
value with the physical measure between two points in space-time. The space-
time interval is given by
ds2 “ gµνdxµdxν , (A.1)
with the four-vector dxµ, and where dx0 “ dt is the timelike coordinate, and
dxi are the spacelike coordinates, with i “ 1, 2, 3. Here we use the timelike
signature [`,´,´,´], so that a space-time interval corresponding to a free-
falling particle is one of three possibilities; spacelike when ds2 ă 0, lightlike
when ds2 “ 0, and timelike when ds2 ą 0. The lightlike path, known as the
null path, is the path of a photon (or any massless particle), and connects
points in space-time by a ray with the speed of light.
In general space-times, the motion of a free particle is described by the
geodesic equation
d2xµ
dλ2
` Γµαβ
dxα
dλ
dxβ
dλ
“ 0 , (A.2)
with the affine parameter λ which increases along the particle path. Here, the
Christoffel symbol corresponds to the gravitational force field, and is given by
Γµαβ “
1
2
gµν
„Bgαν
Bxβ `
Bgβν
Bxα ´
Bgαβ
Bxν

, (A.3)
with gαµgαν “ δµν . In an expanding Universe, a working metric must link the
physical distance to a comoving distance as the Universe evolves. It therefore
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incorporates a scale factor, aptq,
gµν “
»
—————–
1 0 0 0
0 ´aptq2 0 0
0 0 ´aptq2 0
0 0 0 ´aptq2
ﬁ
ﬃﬃﬃﬃﬃﬂ . (A.4)
To describe the Universe, a system of particles need to be considered rather
than a single path of a particle. It is thus useful to consider a fluid continuum,
with defined properties such as density and pressure. For a perfect isotropic
fluid, the equation of state is ω “ Pρ´1, with the dimensionless equation of
state parameter ω, pressure P , and the density ρ. The matter distribution can
then be described in terms of the energy-momentum tensor,
T µν “ pP ` ρquµuν ´ Pgµν , (A.5)
where the fluid four-velocity uµ “ gµνuν “ gµνpdxν{dsq in covariant form, so
that xνpsq describes the worldline of a fluid element. For the fluid element,
the components of the tensor are then the rest frame energy density (T 00), the
momentum density (T 0i “ T i0), and the momentum flux (T ij “ T ji).
It is worth noting that the energy-momentum tensor describes the equiv-
alence of mass and energy. For an expanding universe, its covariant derivative
(denoted by the semicolon) is
T µν;µ “ T µν,µ ` ΓµµαT αν ` Γν µαT µα , (A.6)
where the comma indicates a normal partial derivative. Conservation of mass
and energy implies
T µν;µ “ 0 . (A.7)
The curvature of the Universe is described by the Riemann-Christoffel tensor,
Rαβµν “ Γανβ,µ ´ Γαµβ,ν ` ΓαµγΓγ νβ ´ ΓανγΓγµβ . (A.8)
It vanishes everywhere if space-time is flat. Contracting the Riemann-
Christoffel tensor gives the Ricci tensor
Rµν “ gαβRαµβν , (A.9)
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where Rαµβν “ gαγRγµβν , and contracting the Ricci tensor gives the Ricci
curvature scalar by
R “ gµνRµν . (A.10)
The Ricci tensor, the Ricci scalar, and the energy-momentum tensor, combines
with the Einstein tensor, Gµν , to form the Einstein field equations:
Gµν ” Rµν ´ 1
2
gµνR
“ ´8πGT µν , (A.11)
in natural units, i.e. c “ 1, and following the sign convension [´,`,´]
(Peacock 2007). The equation relates energy density and space-time geom-
etry, and the constant 8πG comes from reducing the equation in the weak
field limit for which Newtonian gravity applies, and considering the recovered
Poisson’s equation for gravity,
∇
2ϕ “ 4πGρ , (A.12)
for which ϕ is the gravitational potential.
Similar to the energy-momentum tensor, the Einstein tensor also has zero
covariant divergence, i.e.
Gµν ;µ “ Gµν ,µ ` ΓµµαGαν ` Γν µαGµα “ 0 . (A.13)
An added feature to the equations of general relativity is the possibility
of vacuum energy, i.e. the energy of empty space. Given that Tµν gives the
density of the constituents in the Universe, an energy-momentum tensor of
vacuum can similarly be constructed as
T vacµν “ ρvacgµν . (A.14)
Incorporating this energy-momentum density, the Einstein field equation be-
comes
Rµν ´ 1
2
gµνR “ ´8πG pT cµν ` ρvacgµνq
“ ´8πG T˜µν , (A.15)
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so that the redefined energy-momentum tensor T˜µν is the sum of the energy-
momentum tensor of the matter content, T cµν , and that of the vacuum energy,
T vacµν . The expression for vacuum energy density can then be defined in terms
of the cosmological constant, Λ, which is often attributed to the energy causing
of the expansion of the Universe; the so-called dark energy ρvac “ Λ{p8πGq.
As such, the Einstein equation can be written
Rµν ´ 1
2
gµνR ` Λgµν “ ´8πGT cµν , (A.16)
The density of the cosmological constant is therefore interchangeable with the
vacuum energy density by
ρvac “ ρΛ “ Λ
8πG
. (A.17)
A.2 Friedmann-Lemaˆıtre-Robertson-Walker Metric
Solutions of the Einstein field equations give rise to the non-static models of
the Universe, of which the Friedmann-Lemaˆıtre-Robertson-Walker (FLRW)
models form the general framework representing the Universe that is compat-
ible with the Cosmological Principle. The FLRW metric is given by
ds2 “ dt2 ´Rptq2rdr2 ` Skprq2dψ2s , (A.18)
where dψ2 “ dθ2 ` sin2 θ dφ2, and Skprq with k “ ´1 describing a closed
universe with negative spatial curvature; k “ 0 with no spatial curvature,
i.e. a flat universe; and k “ `1 an open universe, whose spatial surface has
positive curvature. However, the scale factor Rptq is commonly normalised to
unity in the present epoch t0, such that
aptq ” Rptq
R0
, (A.19)
with R0 ” Rpt0q, the curvature parameter κ “ kR´10 , and apt0q is set to unity.
The rate of expansion of the Universe is given by the Hubble parameter, as
Hptq “
9Rptq
Rptq “
9aptq
aptq . (A.20)
An associated Hubble parameter for the present epoch is defined as H0 “
Hpt0q. In terms of a dimensionless Hubble parameter h, it is
H0 “ 100 h km s´1 Mpc´1 . (A.21)
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ω “ 0 1{3 ´1{3 ´1
ρ 9 a´3 a´4 a´2 a0
a 9 t2{3 t1{2 t eHt
Mattera Radiationb Curvature
Cosmological
constant
Table A.1: Scaling relations of energy density and scale factor for the constituents of the
Universe; matter, radiation, curvature and the cosmological constant, for a given equation of
state parameter ω. a) includes non-relativistic matter, i.e. baryonic and cold dark matter.
b) includes radiation and relativistic matter.
Solving the Einstein field equations gives rise to the Friedmann equations.
The first Friedmann equation relates the expansion rate to the curvature and
the density of the Universe:ˆ
9a
a
˙2
“ 8πG
3
ρ´ κ
a2
` Λ
3
, (A.22)
in natural units. Using Eqn. A.20, and introducing the density parameter Ω
as the ratio of the total energy density in the Universe to a critical density,
ρc “ 3H
2
8πG
, (A.23)
the Friedmann equation can be expressed as
Ω´ 1 “ κ
H2a2
. (A.24)
Then, for a closed universe Ω ą 1, or correspondingly κ ą 0; if flat Ω “ 1, or
κ “ 0; and for an open universe Ω ă 1, or κ ă 0.
The second Friedmann equation gives the acceleration rate of the Universe,
which is determined by the pressure and density,
:a
a
“ ´4πG
3
pρ` 3P q . (A.25)
A direct consequence of the Friedmann equations is the continuity equa-
tion,
dρ
dt
` 3 9a
a
pρ` P q “ 0 . (A.26)
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WMAP 0.714 0.287 0.046 0.240 69.3 13.77
Planck 0.685 0.315 0.049 0.265 67.3 13.82
ΩΛ Ωm Ωbm Ωcdm H0 t0
Table A.2: Measured cosmological parameters from the 9-year results of WMAP (Table
17, Bennett et al. 2013) and first results of Planck (Table 2, Planck Collaboration et al.
2014). Age of the Universe t0 is in units of Gyr, and the Hubble constant H0 in units of
km s´1 Mpc´1. Note that Ωbm and Ωcdm are calculated from the given values of Ωbmh
2
and Ωcdmh
2 in Planck Collaboration et al. (2014), and do not exactly add up to Ωm, as
we neglect the errors in the measured values. ΩΛ refers to the density of the cosmological
constant.
It integrates to ρipaq 9 a´3p1`ωiq, and thus holds information on how the
constituents i of the Universe scale with the spatial evolution. Here (i “
m, r,Λ) refers to matter, radiation, and the cosmological constant, respectively,
and
ωi “ Pi
ρi
(A.27)
is the equation of state. The cosmological constant is interchangeable with
vacuum energy, following Eqn. A.17. Matter refers to all non-relativistic
matter, hence both baryonic and cold dark matter fall within this category.
Relativistic matter is included in the radiation component. Combined with
the first Friedmann equation, the continuity equation yields the time evolution
of the scale factor,
aptq 9 t 23p1`ωq . (A.28)
The scaling relations for each constituent are summarised in Table A.1. Using
the density parameters for each constituent, Ωi “ ρiρ´1c , the first Friedmann
equation can be expressed in terms of H0:ˆ
H
H0
˙2
“
ˆ
9a
a
˙2
“ Ωra´4 ` Ωma´3 ` Ωκa´2 ` ΩΛ . (A.29)
The consistency relation requires
ÿ
i
Ωi ` Ωκ “ 1 , (A.30)
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68.5%
26.5%
4.9%
Dark energy
Cold dark matter
Baryonic matter
Fig. A.1: The constituents of the Universe. Dark energy dominates the total content of
the Universe; cold dark matter makes up about a quarter; baryonic matter accounts for less
than 5%.
with (i “ m, r,Λ), and the contribution of curvature to the total energy density
is given by the right hand side of Eqn. A.24:
Ωκ “ κ
H2a2
. (A.31)
The currently accepted representation of our Universe is the Lambda cold
dark matter (ΛCDM) model. It assumes the flat expanding space-time given
by the FLRW metric, i.e. ΩΛ “ 1 ´ Ωm. Ordinary baryonic matter and
cold dark matter make up the matter content, so that Ωm “ Ωbm`Ωcdm. The
cosmological constant, Λ, is commonly attributed to the accelerated expansion
in the form of the unknown quantity, called dark energy. It is the simplest
model of Big Bang cosmology able to explain the observations of the CMB,
the large-scale distribution of galaxies, the abundance of light nuclei, and the
accelerated expansion remarkably well.
Two major cosmological missions have been of utmost importance for the
development of the study cosmology – the Wilkinson Microwave Anisotropy
Probe (WMAP), launched in 2001 and ran for over 12 years by NASA;
and the Planck observatory, launched by ESA in 2009, that ran for over 4
years. Their complimentary data have led to measurements at high preci-
sion of the early Universe, the CMB, and the fractional densities of the con-
stituents of the Universe (Fig. A.1). They also have established the cosmo-
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logical parameters to high precision (Hinshaw et al. 2013; Bennett et al. 2013;
Planck Collaboration et al. 2014, see Table A.2).
A.3 Distances and Comoving Volume
Measuring distances in an expanding Universe requires a comoving set of co-
ordinates. The comoving distance Dc “ R0r remains fixed with the expansion
of the Universe, and is therefore time independent. The physical distance Dp
grows with expansion. Any calculations done on large scales thus require a
relation between these two sets of coordinates, given by the scale factor (Eqn.
A.19), so that
Dpptq “ aptqDc . (A.32)
The expansion of the Universe can then easily be linked to Hubble’s law,
which links the recessional velocity vrec “ 9Dp to the physical distance. When
evaluated today,
vrec “ 9aDc “ 9a
a
Dp “ H0Dp . (A.33)
The physical manifestation of the scale factor is the consequences of the
decreasing radiative energy with expansion, E 9 a´1. This is observed in terms
of a stretching of the wavelength (or similarly, a shorter observed frequency to
that emitted). The ratio between observed and emitted quantities is measured
as the redshift z between the source and observer,
1` z ” λpt0q
λptq “
apt0q
aptq , (A.34)
if the observation is made today (t “ t0), and the scale factor aptq corresponds
to time t, when the source emitted the photon with wavelength λptq, and
apt0q ” 1. Using Eqn. A.34, the first Friedmann equation may be redefined in
terms of redshift, which is important when calculating distances and volumes
in the expanding Universe:
H2 “ H20
“
Ωrp1` zq4 ` Ωmp1` zq3 ` Ωκp1` zq2 ` ΩΛ
‰
. (A.35)
The radial null geodesic is dt2´aptq2R20dr2 “ 0, given by the FLRWmetric
(Eqn. A.18). Using Eqn. A.34 and the Friedmann equation (Eqn. A.35), the
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comoving distance is related to the redshift by
Dc “ 1
H0
ż
z
0
dz
rΩrp1` zq4 ` Ωmp1` zq3 ` Ωκp1` zq2 ` ΩΛs
1⁄2
. (A.36)
For a flat, matter dominated Universe, Ωm “ Ω “ 1, and the contributions
from Ωκ and Ωr can be neglected. The redshift dependence of the Hubble pa-
rameter is then Hpzq “ H0p1` zq
?
1` Ωz (Peacock 2007), hence the distance
travelled by a photon is
R0r “ 1
H0
ż
z
0
dz1“p1` z1q?1` Ωz1‰ , (A.37)
if measured today, recalling Dc “ R0r. Integrated, this gives the expression
R0Skprq “ 2
H0
Ωz ` pΩ´ 2qp?1` Ωz ´ 1q
Ω2p1` zq . (A.38)
The spatial curvature can be used to determine R0 from the first Friedmann
equation,
R0 “ 1
H0
?
Ωκ
. (A.39)
The luminosity distance DL is related to the observed flux Φ of a source
of luminosity L by
Φ “ L
4πD2L
(A.40)
“ Lp1` zq´2A´1 . (A.41)
The source radiates outwards in a sphere with area given by the FLRW metric
(Eqn. A.18), A “ 4πR20S2kprq, and radius r. The flux density will however
suffer losses due to redshift and time dilation. Hence, the luminosity distance
is defined by
DL “ p1` zqR0Skprq , (A.42)
and can be solved using Eqn. A.38.
The angular diameter distance, being the ratio between the physical trans-
verse size to the angular size, is
DA “ p1` zq´1R0Skprq , (A.43)
hence it is linked to the luminosity distance by DL “ p1` zq2DA.
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Fig. A.2: The differential comoving volume calculated for values of H0 (in units of km s
´1
Mpc´1), using the definition for a flat, matter-dominated Universe, so that Ω “ Ωm “ 1
(Eqn. A.46, see Peacock 2007). The blue solid curve gives the differential volume with H0 “
67.3 and the green dash-dotted curve is the volume with H0 “ 69.3, as found by Planck and
WMAP, respectively (see Table A.2). The orange dotted and red dashed curves represent
the differential volume with cosmologies used to derive the X-ray detected (H0 “ 70, see
Sec. 2.3.2) and γ-ray detected AGN (H0 “ 71, see Sec. 2.4.2), respectively.
The comoving volume element (Peacock 2007) is, for the metric of the
form given in Eqn. A.18,
dVc “ 4πrR0Skprqs2R0dr . (A.44)
Hence, a differential volume can be defined, using the relation between redshift
and distance (Eqn. A.37) and its integrated form (Eqn. A.38). For a matter
dominated Universe
dVc
dz
“ 16π
H30
rΩz ` pΩ´ 2qp?1` Ωz ´ 1qs2
Ω4p1` zq3?1` Ωz . (A.45)
For a flat Universe, where Ω “ 1, the differential volume is simplified to
dVc
dz
“ 16π
H30
rz ´?1` z ` 1s2
p1` zq3?1` z . (A.46)
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Appendix B
Low-Energy Astrophysical Neutrinos
In the thesis we look at the high-energy neutrino emission in the Universe,
and investigate if AGN are the source of this emission. However, the full
picture of the neutrino emission in the Universe involves the lower energy
emission as well, as seen in Fig. 1.9. In this Appendix we briefly outline
the production of neutrinos in stellar sources; the detection of Solar neutrinos
was the first step in the study of astrophysical neutrinos, followed by the
discovery of neutrino emission from the supernova 1987A. The existence of
the ubiquitous neutrino background is discussed as well. Even though it is
currently out of the realm of observation, it holds significant information of the
early Universe. The possibility of an indirect detection is nonetheless explored,
such as looking for absorption lines in the spectra of neutrinos detected by
IceCube (e.g. Ibe and Kaneta 2014; Ioka and Murase 2014).
We also give an overview in the first neutrino experiments and detectors,
which led to the large-scale neutrino observatories we have today.
B.1 Solar Neutrinos
Solar neutrino astronomy was established by the Homestake solar neutrino
experiment by Davis Jr. and Bahcall in 1969 which provided definite proof
that the source of solar radiation was due to thermonuclear fusion processes.
Through weak β-decay processes solar neutrinos are created predominantly as
νe neutrinos. The MSW resonance effect (see Sec. 1.1.3) will however lead to
two-thirds transitioning to νµ and ντ neutrinos as they travel from the solar
core to detectors on Earth, with energies of order „MeV.
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Decades of studies have confirmed the Standard Solar Model (SSM), where
hydrogen is fused to helium in the solar core. This converts protons to neu-
trons, with the inevitable result of neutrino emission, following standard β-
decay reactions. The theory of thermonuclear energy production was devel-
oped since the late 1920s (Giunti and Kim 2007), and the modern theory on
stellar nucleosynthesis, describing the process dominant in the sun is called
the pp-chain, and was developed by (among others) Hans Bethe in the 1930s
(Bethe and Critchfield 1938; Bethe 1939).
The thermonuclear release of energy occurs because the constituent nu-
cleons, i.e. protons and neutrons, have larger masses than combined in the
nucleus, described in Sec. 1.1.4. The pp-chain, in which four protons and two
electrons convert into a 4He nucleus and emit two electron neutrinos, i.e.
4p` 2e´ Ñ 4He` 2νe `Q , (B.1)
the release of energy is Q “ 26.731 MeV. The binding energy of the 4He
nucleus is Bp4, 2q “ 28.296 MeV, so the excess energy is released as photons
or kinetic energy of neutrinos.
The pp-chain consists of three main branches and two additional rare reac-
tions, seen in Fig. B.1. Neutrinos are emitted in five of the eleven possible re-
actions; primarily in the initial reaction, named pp; in the rare pe´p-reaction;
in the 7Be reaction of the pp-II branch; the 8B of the pp-III branch; and in
the hep-reactions.
Even though we receive an enormous amount of neutrino flux from the
Sun, this detection is difficult as the majority of solar neutrinos are generated
in the pp-reaction. These are of very low energy and as seen in Sec. B.4, the
detector threshold energies of most observatories are far higher. The majority
of detected neutrinos are from the high-energy 7Be and 8B reactions, falling in
the energy range of the detector sensitivities, shown in Fig. B.4. Despite the
pe´p- and hep-neutrinos also being high-energy, such events are rare and not
easily detected. Fig. B.1 shows the branching ratios of the various interactions
occurring in the Sun, illustrating origins of various neutrino reactions.
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p` p Ñ 2He ` e` ` νe p` e
´ ` p Ñ 2He ` νe
2He ` p Ñ 3He ` γ
3He` 3HeÑ 4He` 2p
3He ` 4HeÑ 7Be` γ
3He ` p Ñ 4He ` e` ` νe
7Be ` e´ Ñ 7Li ` νe
7Be ` p Ñ 8B ` γ
7Li ` p Ñ 2 4He 8B Ñ 8Be˚ ` e` ` νe
8Be˚ Ñ 2 4He
pp-I
pp-II
pp-III
pp pe´p
hep
7Be
8B
99.6% 0.4%
85% 15% 2 ˆ 10´5%
99.87% 0.13%
Fig. B.1: The pp-chain of thermonuclear reactions in stars. The reactions producing
neutrinos are green, their name given above. In the blue boxes are the other reactions, and
below each branch of the chain reactions, in black boxes is the name of the branch. The
branching ratio of the reactions in the Sun are given for each level.
B.2 Stellar and Supernova Neutrinos
Due to the solar neutrino detections, this naturally means that neutrinos are
also generated in all stellar sources. A full description is therefore useful
in order to learn about the inner cores of stars and determine the neutrino
SED at MeV energies. Combined with stellar evolution models, this may
be constructed over cosmic time, and the evolution of MeV-neutrinos may be
mapped. This is particularly interesting for studies of the structural formation
in the Universe. Due to the detection of neutrinos from SN1987A, supernova
neutrinos are another valuable source of information.
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15OÑ 15N` e` ` νe
15N` pÑ 12C` 4He 15N` p Ñ 16O ` γ
12C` p Ñ 13N ` γ
13NÑ 13C` e` ` νe
13C` p Ñ 14N ` γ
16O` p Ñ 17F ` γ
17FÑ 17O` e` ` νe
17O` p Ñ 14N ` γ
14N` p Ñ 15O ` γ
CNO-I CNO-II
15O
13N 17F
99.9% 0.1%
Fig. B.2: The CNO cycle of thermonuclear reactions in stars. The reactions producing
neutrinos are green, and the name given to these reactions is given above the reactions.
In the blue boxes are the other reactions, with the main CNO-I cycle on the left, and the
CNO-II cycle on the right. The branching ratio of the reactions in the Sun are given for
each level. These are important for stars of greater masses to that of the Sun, and the
dominant fusion reaction for stars of about 1.3 times that of the Sun.
In addition to the pp-chain responsible for the nuclear fusion in stars, the
CNO (carbon-nitrogen-oxygen) cycle is a further set of stellar thermonuclear
reactions, shown in Fig. B.2. This is not important for the Sun, nor for stars
of comparable or lower mass, due to temperature dependencies. Whereas the
pp-chain requires temperatures of 4ˆ106 K, the CNO cycle requires 1.5ˆ107 K
to be self-maintaining, and 1.7ˆ107 K for it to be the dominant fusion process
in a star. With a core temperature of 1.6 ˆ 107 K, the Sun’s 4He production
originating from the CNO cycle only accounts for about 1.7% of the total 4He
population.
The net effect of the CNO is the same as that of the pp-chain, in that
four protons fuse (through carbon, nitrogen and oxygen isotopes) to 4He-
nuclei, neutrinos and positrons. The positrons will subsequently annihilate
B.2. Stellar and Supernova Neutrinos 229
with electrons to produce photons.
In addition to the CNO-I and CNO-II cycle (Fig. B.2), there are additional
branches which are only important for particularly massive stars. These are
produced in the CNO-III cycle, as
17OÑ 18FÑ 18OÑ 15NÑ 16OÑ 17FÑ 17O , (B.2)
which diverges from the CNO-II branch in the 17O reaction to produce 18F and
a neutrino, eventually joining the CNO-II branch again in the production of
15N from the 18O-reaction. Similarly, the CNO-IV branch (which is also only
important in massive stars) diverges from the CNO-III branch in the reaction
of 18O, to produce the heavier 19F nucleus instead of the 15N nucleus in the
CNO-II branch, joining it again in the production of 16O, i.e.
19FÑ16 OÑ17 FÑ17 OÑ18 FÑ18 OÑ19 F . (B.3)
The depletion of available hydrogen in the stellar core, driven by fusion pro-
cesses, determines the life of a star. Whereas the pp-chain is slower, the CNO
cycle drives massive stars to have shorter lives. Given the close link between
neutrino emission and the fusion reactions in stars, knowledge of one will al-
low a closer study of the other. As such, stellar evolution can be examined
closer by using stellar mass functions and star formation rates, and similarly
the evolution of neutrino emission from stellar sources over cosmic time may
also be deduced.
Neutrinos are also known to be emitted from supernovae, as was realised
with the detection of neutrinos from SN1987A (e.g. Hirata et al. 1987, see
Sec. B.4). Supernovae (SNe) are powerful explosions which end the lives of
massive stars, and in the process eject enormous amounts of matter, along
with a considerable population of neutrinos of energies between 10´ 30 MeV.
Whereas the photon signal from SNe may take hours or days to escape from
the stellar envelope, neutrinos will rapidly escape the core. This means that
the study of SN-neutrinos provides information about the very earliest stages
of the explosion, inaccessible using photon astronomy.
SNe are classified according to the type of explosion which occurs, largely
dependent on the progenitor star. A first classification is the presence of H-
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lines in the spectra. If hydrogen is present, the SN is classified as a Type II; if
these lines are absent, it is a Type I. Further classifications can be made across
these types, depending on the mechanism of the explosion. This becomes
apparent in the spectra of SNe when sufficient time has passed for the inner
regions to become visible. While Type Ia SNe show Fe emission in their
spectra, Types Ib, Ic, and Type II SNe are dominated by O and C emission
lines.
Type Ia SNe are thought to be generated through thermonuclear mech-
anisms, where a carbon-oxygen white dwarf accretes mass from a close com-
panion star. As the white dwarf depletes its source of thermonuclear fusion,
the accretion of matter will allow it to reach the Chandrasekhar mass limit
of « 1.44 Md. The white dwarf becomes unstable and begins to collapse,
triggering the fusion of carbon and oxygen to heavier elements. This causes
a thermonuclear explosion, and what is left is an expanding nebula without a
central compact object. These SNe are however not expected to produce any
significant neutrino flux.
An important source of SN neutrinos are however the remaining types
of SNe. These, SNe Ib, Ic and II, are driven by more energetic mechanisms,
with a progenitor star of mass ě 8Md. They are the end of the evolution
of very massive stars, and the final explosion is caused by the shock wave
produced when the stellar core collapses. It leaves behind a proto-neutron
star surrounded by an ejected stellar envelope. In some cases, the ejected
stellar envelope falls back onto the neutron star, hence it will collapse to a
black hole. This occurs after the core-collapsing explosion.
Massive stars undergo all stages of fusion, from hydrogen through to sil-
icon, with an inner dense iron-core. When there is no more nuclear fuel to
burn, the iron core will contract and the temperature increases in the process
γ ` 56FeÑ 13α ` 4n . (B.4)
This reduces the pressure of the electrons aided by free electrons (in addition
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to the electron capture of nuclei, with A nucleons of which are Z protons),
e´ `NpA,Zq Ñ NpA,Z ´ 1q ` νe
e´ ` pÑ n` νe .
(B.5)
Neutrinos leave the core, carrying away most of the kinetic energy of the cap-
tured electrons at the onset of the collapse, with average neutrino energies
around 15 MeV (Bahcall 1989). The pressure no longer supports the gravita-
tional pull of the core initiating the collapse. With decreasing electron pressure
the process of collapse accelerates. As the density in the core increases, even
neutrinos are trapped in the collapsing material. With the formation of a
proto-neutron star a shock develops when the stellar envelope collapses onto
it. Neutrinos are crucial to subsequent steps of the process: the shock propa-
gates through the infalling matter, with neutrinos produced en masse behind it
by the transformation of most protons into neutrons through electron capture.
Neutrinos pile up behind the shock and are released in a prompt electron neu-
trino burst, which can be distinguished from the thermal emission of neutrinos
of all flavours.
These neutrinos are produced in the hot core of the proto-neutron
star through pair annihilation, electron-nucleon and nucleon-nucleon
bremsstrahlung, plasmon decay (e.g. Kantor and Gusakov 2007), and photo-
annihilation. They free-stream out of the mantle of the newly formed neutron
star, at the ’neutrinosphere’. These are energy- and flavour-dependent, thus
a sphere for each neutrino flavour exists.
B.3 The Cosmic Neutrino Background
There exists a background of a relic neutrino population, similar to the pho-
ton background of the CMB. This background, the CνB, originates from the
very first seconds after the Big Bang when neutrinos decoupled from matter.
Though it contains information of the Universe when it was barely formed (i.e.
much earlier than the CMB) its low temperature today suggests that it can
never be directly observed.
In the early Universe, when the temperature of photons were 1´100 MeV,
neutrinos were in thermal equilibrium in hot plasma (mainly comprised of
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electrons, positrons and photons) by the weak interactions
ν ` ν¯ Ô e` ` e´
νpν¯q ` e`pe´q Ô νpν¯q ` e`pe´q .
(B.6)
Neutrinos decoupled from the rest of the plasma when the temperature reached
about Tγ „ 1 MeV, however both neutrinos and photons remained at compa-
rable temperatures as the Universe expanded as the neutrinos were relativistic
at decoupling. As the neutrinos decoupled, only photons remained relativistic
in equilibrium, whereas the electrons and positrons became non-relativistic
transferring their entropy to the photons through pair annihilation. The pho-
tons therefore gained in density, as the pair production reaction became less
likely to happen, which lead to an increase in temperature. Thus, the relation
between the current CMB temperature, TCMBγ,0 , T
CMB
γ at redshift z is given by:
TCMBγ “ TCMBγ,0
ˆ
2
gs
˙1{3
p1` zq , (B.7)
where gs are the degrees of freedom (equal to 2 for bosons, giving the value of
the numerator fraction), which is 2 ˆ p7{8q for fermions. The temperature of
the relic neutrinos today can be found by accounting for redshift losses,
TCνBν,0 “
TCνBν
p1` zq . (B.8)
From measurements of the CMB temperature, TCMBγ,0 “ 2.725 Kp“ 2.348 ˆ
10´4 eVq, the current temperature of the relic neutrinos can be estimated as
TCνBν,0 “
`
4
11
˘1{3
TCMBγ,0
“ 1.945 Kp“ 1.676ˆ 10´4 eVq .
(B.9)
B.4 Experiments and Detectors
The first neutrino experiments were located at nuclear reactors and, later, at
particle accelerators. All three neutrino flavours have been discovered through
these means.
The very first neutrino detection was made by Cowan and Reines in 1956.
The experiment took place at a nuclear reactor in Hanford; then Savannah
River power plant in Georgia (Cowan et al. 1956; Reines and Cowan 1956).
Located twelve metres underground, and eleven metres from the reactor, the
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experiment was shielded from unwanted emissions. Nuclear reactors produce a
constant neutrino flux of the order 1012´1013 cm´2s´1, and the average energy
of the incoming reactor anti-neutrinos to the experiment was 3 MeV. Two
tanks, containing 40 kg of cadmium chloride (CdCl2) dissolved in 200 litres
of water (H2O), provided the proton target for the inverse β-decay reaction
(ν¯e ` pÑ n` e`, see Eqn. 1.51). The water tanks were sandwiched between
three liquid („ 1400 litres) scintillator detectors, each containing 110 PMTs,
as shown in Fig. B.3. Flashes of light were produced first as γ-rays, produced
by the annihilation of the positron with an electron (Eqn. 1.43), reached the
scintillators. Then, about 5µs later, additional flashes were produced by the
emission of additional γ-rays in the absorption of a neutron by a cadmium
nucleus, following
n` 108CdÑ 109Cd˚ Ñ 109Cd ` γs . (B.10)
The pair annihilation photons were each emitted with an energy of the electron
rest mass, whereas the neutron capture process would release about 9 MeV
of energy as γ-rays. This unique signature confirmed the existence of the
neutrino, for which Reines won the 1995 Nobel Prize in Physics (as it is not
awarded posthumously, Cowan did not share the prize).
The other neutrino flavours were detected in particle accelerators. Ac-
celerators produce beams of highly energetic particles, producing a shower of
secondary particles. In 1960, the Alternating Gradient Synchrotron at BNL
produced a beam of protons with energies reaching 33 GeV – the highest
energies achieved through man-made endeavours at the time.
L. M. Lederman, M. Schwartz and J. Steinberger used this accelerator to
generate a 15-GeV proton beam, which they focussed on a beryllium target,
producing a shower of pions (and kaons). These pions would subsequently
decay into muons and neutrinos (see Eqns. 1.45-1.47). The beam was then
passed through a 13.5 metres thick steel wall, suppressing the propagation
of muons, and allowing predominantly neutrinos to pass through. Neutrinos
were detected as they passed through a 10-ton spark chamber – a detector
consisting of ninety aluminium plates surrounded by neon gas. The interaction
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Fig. B.3: Illustration of the Cowan-Reines experiment. The tank with a water solution
of cadmium chloride (H2O+CdCl2) is sandwiched between liquid scintillator detectors with
PMTs connected in parallel. An anti-neutrino (ν¯e) enters from the reactor, and interacts
with the water solution through the inverse β-decay reaction. The positron (e`) annihilates
with an electron (e´), producing a pair of γs. The neutron (n) diffuses, and is, after a delay,
captured by a cadmium (Cd) nucleus, emitting additional γ-rays. These produce flashes in
the scintillator, which is recorded by the PMTs.
between the beamed neutrinos and protons in the aluminium nuclei produced
neutrons and muons (Eqn. 1.50), and the latter (charged) particle would create
a spark trail as it ionised the gas. This muon trail was then photographed,
and culminated in the discovery of the muon neutrino (Danby et al. 1962).
Lederman, Schwartz and Steinberger won the 1988 Nobel Prize in Physics for
this neutrino beam method, and for demonstrating the doublet structure of
leptons through the discovery of the muon neutrino.
The third neutrino, the ντ , was discovered several decades later in the
Fermilab DONUT (Direct Observation of the NU Tau) experiment, using the
TEVatron circular particle accelerator (DONUT Collaboration et al. 2001).
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Neutrinos are detected through the observation of their associated charged
lepton, as seen above. The τ is, however, significantly heavier (see Fig. 1.2)
than the e´ and µ, requiring the primary proton beam to be accelerated to
much higher energies. Furthermore, it decays quickly, with a mean life time
of « 3 ˆ 10´13 s, and is therefore difficult to detect. The muon lifetime is,
for comparison, about 2µs, and the electron is, for all intents and purposes, a
stable particle (its lifetime is experimentally measured to ą 4.6ˆ 1026 years –
exceedingly longer than the age of the Universe).
The scientists involved in the DONUT experiment therefore used the
TEVatron to generate a beam of protons to energies of 800 GeV, which was
passed through a tungsten target to produce a shower of secondary mesons.
Heavy mesons, such as the Ds would decay to produce a τ , which rapidly de-
cayed to a ντ . The neutrino beam was then passed through magnets to deflect
charged particles in the beam, and additional shielding to suppress further
contamination in the beam from other particle species. The beam would then
reached the hybrid emulsion spectrometer, the heart of the DONUT experi-
ment. Here, the neutrinos interacted with nuclei in the the dense emulsion
target sheets, producing τ -leptons that left identifiable trails detectable by
layers of scintillation fibres (see Fig.1.13).
The most powerful particle accelerators today can reach energies of 13 TeV
(the Large Hadron Collider at CERN), however, naturally occurring high-
energy particle emission is observed at considerably higher energies. This
implies that there are particle interactions which cannot be studied by man-
made methods, however they can be indirectly studied with the construction
of dedicated observatories.
The first experiment carried out with the purpose of studying astrophys-
ical neutrinos was by Davis Jr. and Bahcall in 1969. They wanted to provide
a test of thermonuclear fusion models as the source of Solar radiation, and
thus designed an experiment in the Homestake Gold Mine in South Dakota,
1478 metres below the surface (Bahcall and Davis 2000). The Homestake So-
lar Neutrino Observatory had a threshold energy of Eν,th “ 0.814 MeV, and
was sensitive to the high-energy 8B flux (see Fig. B.4) – a by-product of the
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pp-I and pp-II branches of the solar pp-cycle (see Fig. B.1, Sec. B.1). Bahcall
calculated the predicted capture rate of neutrinos in the detector, and Davis
Jr. tested this prediction in the experiment.
Using a radiochemical method, Solar neutrinos were detected as they inter-
acted with chlorine nuclei in 380 cubic metres of cleaning fluid (predominantly
chlorine) through the inverse β-decay reaction,
37Cl ` νe Ñ37 Ar ` e´ . (B.11)
The experiment uncovered a puzzle, as an anomaly in their data was discov-
ered. They did indeed confirm a neutrino signal, however the detected rate was
was lower by one-third of those theoretically predicted by Bahcall using the
SSM. This deficiency is known as the Solar Neutrino Problem (SNP, Bahcall
1969, 1971), and led to the construction of further observatories to confirm
the results (see e.g. Giunti and Kim 2007). Davis won the 2002 Nobel Prize
in Physics with M. Koshiba for their cosmic neutrino detections.
In the 1990s the radiochemical Gallium experiment (GALLEX) was con-
structed in the Laboratori Nazionali del Gran Sasso (LNGS), Italy, with 101
tonnes of liquid gallium chloride (GaCL3-HCl) and 30.3 tonnes of gallium. In
the late 1990s it was upgraded to the Gallium Neutrino Observatory (GNO),
using the reaction
71Ga` νe Ñ71 Ge` e´ (B.12)
to confirm the SNP deficit of Solar neutrinos in the early 2000s. As the thresh-
old energy of of the experiment was Eν,th “ 0.233 MeV, it was sensitive to low
energy neutrinos from the fundamental pp-cycle (see Fig. B.4). It therefore
detected neutrinos from all nuclear reactions in the Sun. The Soviet-American
Gallium Experiment (SAGE) also reported a confirmation of the SNP. The ex-
periment was conducted in the Russian Baksan Neutrino Observatory, and ran
from the mid-1990s to the mid-2000s, about 2000 metres beneath the Caucasus
mountains.
In 1983, the Kamioka Nucleon Decay Experiment (Kamiokande) began
operation a kilometre underground in the Japanese Kamioka mine. It was de-
signed to observe high-energy 8B solar neutrinos through νe-sensitive reactions,
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Fig. B.4: Predicted Solar neutrino energy spectrum from the Solar model of
Bahcall and Pinsonneault (2004), for given by-products of the pp-I and pp-II branches.
Units for neutrino fluxes from continuum sources is in cm´2s´1MeV´1, and for line
sources the units are cm´2s´1. Above the figure are the threshold energies of vari-
ous Solar experimental methods. The Homestake experiment used a chlorine target; the
GALLEX/GNO experiments used a gallium target; the water Cherenkov method was
used by Kamiokande/SuperK and SNO. See text for details. Adapted from figure in
Bahcall and Pen˜a-Garay (2004).
and detected neutrinos interacting with water nuclei in a Cherenkov detector.
The inner structure of the detector contained 2142 tonnes of purified water
and 948 PMTs to register interactions. The outer volume contained another
1500 tonnes of water, and an additional 123 PMTs.
Between 1983 and 1996, the Kamiokande experiment went through three
phases, lowering the threshold energy from Eν,th “ 9.3 MeV, to Eν,th “
7.0 MeV in the upgraded Kamiokande-III phase. The construction of a 50 kilo-
tonne water Cherenkov detector was completed near Kamiokande in 1996. It
was named Super-Kamiokande (SK), and was upgraded to Super-Kamiokande-
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II (SK-II) in the early 2000s. This had an effective volume of 630 cubic metres,
and a threshold energy for Solar νe of 5.0 MeV. The corresponding neutrino
threshold energy was 4.7 MeV (see Fig. B.4). The SK experiment proved that
neutrinos came from the Sun, as the Cherenkov method provided directional
information, and in 1998 they announced a confirmation of the SNP, providing
the first strong evidence of neutrino oscillation phenomenon as a solution to
the problem (see Sec. 1.1.3).
The solution to the SNP was confirmed by the Sudbury Neutrino Obser-
vatory (SNO), located 2092 metres below ground in Creighton mine near Sud-
bury, Canada. Using 1000 tonnes of ultra-pure water in a 12 metre diameter
container, Cherenkov light was detected by 9456 PMTs immersed in the water.
SNO detected not only neutrinos through the CC reactions, but also NC and
ES. Whereas the rate of νe-neutrinos through CC-interactions were about 35%
of the predicted rate, the detection rate of neutrino through NC interactions
agreed with the predictions of the SSM. This indicated that the ”missing”
νe had transitioned to νµ- and ντ -flavours on their journey from the centre
of the Sun to the Earth through the MSW resonance (see e.g. Ahmad et al.
2001; Giunti and Kim 2007, see also Sec. 1.1.3). The detector was sensitive
to 8B Solar neutrinos, with a CC threshold energy of 1.442 MeV of the νe.
The threshold energy for NC reactions of all flavours was Eν,th “ 2.224 MeV.
Similar for all types of neutrinos, the threshold energy of the detector for ES
reactions was 5.7 MeV.
The results of the SK-II and SNO experiments therefore definitively
proved the neutrino oscillation phenomenon, indicating furthermore that neu-
trinos in fact have mass.
Kamiokande-II was also involved with the first detection of neutrinos from
outside our solar system (Hirata et al. 1987, 1988), and so, along with the
solar neutrino studies, marked the beginning of extra-solar neutrino astronomy.
In February of 1987, a supernova explosion in the Large Magellanic Cloud
(LMC) was observed. A few hours before the photonic emission reached Earth,
the Kamioka observatory was one of three to detect neutrino events. The
Irvine-Michigan-Brookhaven (IMB) water Cherenkov detector (in the USA,
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Bionta et al. 1987; Bratton et al. 1988), the Baksan Underground Scintillation
Telescope (in the former Soviet Union, Alekseev et al. 1987; Alexeyev et al.
1988), and Kamioka detectors in Japan, simultaneously registered a burst of
neutrino events in the space of ten seconds (e.g. Koshiba 1992, see also Sec.
B.2). The detectors recorded about 25 events in total, which corresponded to
the visual detection of the SN explosion, now known as SN1987A, three hours
later.
A natural extension to the confirmed Solar and SN-neutrinos would be
the existence of a population of neutrinos with even higher energies. This
idea was conceptualised by the DUMAND collaboration in the late 1970s, and
a detector capable of observing the highest-energy neutrinos came with the
cubic-kilometre sized IceCube observatory (see Sec. 1.3).
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